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Editorial 


Plasmas,  both  in  space  and  terrestrial,  have  historically  been  studied  in  their  pristine  state.  By  pristine 
we  mean  that  the  plasma  is  composed  of  only  electrons  and  ions,  and  free  atoms  and  molecules. 

In  reality,  the  vast  majority  of  space  and  terrestrial  plasmas  are  not  pristine,  but  are  contaminated 
by  particles,  dust  and  aerosols.  The  ubiquitous  presence  of  dust  in  plasmas  was  first  recognized  by 
astrophysicists.  Reddening  and  polarization  of  light  from  distant  galaxies  and  planet-forming  Hll  regions 
have  been  attributed  to  dust  grains  in  interstellar  plasmas. 

As  terrestrial  plasmas  were  applied  to  high  technology  tools  and  manufacturing,  the  ubiquitous  presence 
of  dust  in  plasmas  was  rediscovered,  and  its  study  expanded  beyond  astrophysics.  Dust  in  high 
technology  plasmas  first  came  to  the  forefront  in  the  context  of  high  pressure  excimer  and  CO2  electric 
discharge  lasers  in  which  particles  scattered  light  and  caused  plasma  instabilities.  Particles  in  low 
pressure  plasmas  in  the  context  of  pulse  power  switching  were  also  recognized  early  on  as  a  source 
of  device  failure  and  flashover.  Premature  breakdown  and  arcs  in  s^'orr  gaps,  and  the  diode  regions  of 
accelerators  and  e-beam  generators  have  been  attributed  to  the  presence  of  particles. 

The  main  focus  of  the  study  of  particles  in  plasmas  during  the  past  five  years  has  been  in  the  context 
of  the  manufacture  of  microelectronics  components.  Plasma  etching  and  deposition  are  essential 
processes  in  the  semiconductor  industry  for  the  fabncation  of  fine  features  for  microprocessors,  memory 
chips  and  other  devices  The  presence  of  particles  (tens  of  nanometres  to  many  micrometres  in  size)  in 
the  plasma  not  only  contaminates  the  wafers,  thereby  reducing  the  manufacturing  yield,  but  perturbs  the 
plasma  in  presently  unpredictable  ways.  The  formation  and  nucleation  of  particles  in  plasma  processing 
discharges,  the  transport  of  those  particles  and  their  effects  on  the  properties  of  the  discharge  are  at 
best  poorly  charactenzed  Remedying  our  lack  of  fundamental  understanding  of  these  issues  is  not 
only  an  intellectual  challenge  but  has  extreme  economic  implications  The  cost  of  particle  contamination 
through  reduced  yields  in  semiconductor  manufactunng  approaches  USSlOO  million  per  year 

To  address  these  issues,  the  NATO  Advanced  Research  Workshop  on  the  Formation,  Transport  and 
Consequences  of  Particles  m  Plasmas  was  held  at  the  Chateau  de  Bonas  Castera  Verduzan,  France 
.:etween  30  August  and  3  September  1993  The  purpose  of  the  workshop  was  to  gather  together 
experts  from  diverse  fields  of  plasma  physics,  plasma-based  manufactunng.  cluster  physics  and  aerosol 
science  to  broaden  the  scientific  knowledge  base  on  contaminated  plasmas  The  intent  or  the  workshop 
was  to  help  accelerate  improvements  m  contamination  control  of  plasma  processing  of  microelectronics 
by  leveraging  the  expertise  of  researchers  m  closely  aligned  fields  who  may  not  be  directly  involved  in 
plasma  processing  The  workshop  was  attended  by  63  researchers  over  5  days  56  oral  and  poster 
papers  were  presented  on  particle  detection,  nucleation  and  growth,  chemical  and  electrical  diagnostics 
clusters  and  aerosols,  particles  in  astrophysical  plasmas,  and  modelling  particle  behaviour  in  plasmas 
This  special  issue  contains  the  proceedings  of  the  workshop 
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Abstract.  A  review  is  presented  of  the  phenomena  associated  with  particles 
in  low  pressure  plasmas.  Dust  particles  which  are  typically  micrometeri^  in 
diameter  have  been  obsen/ed  by  laser  light  scattering  in  various  iow*pressure, 
radiofrequency-excited  plasmas.  Experiments  have  been  designed  so  that  the 
origin  of  the  dust  material  is  unambiguous  and.  to  some  extent,  quantitative. 

The  processes  involved  in  the  appearance  of  the  mesoscopic  dust  particles  are 
outlined  and  compared  with  our  experimental  ebser  ations  The  source  material 
and  its  required  generation  rate,  nucleation,  charging,  growth  mechanisms,  growth 
rates,  and  saturation  mechanisms  are  discussed  The  mutual  influences  of  dust 
and  plasma,  particularly  the  role  ol  geomeire  and  circuit  boundary  conditions  in 
laboratory  plcsmas.  are  described 


1.  Occurrence  of  particles  in  placmas 

P.irtklo^  With  M/es  in  ihi;  muTmt'cior  umge  have  been 
observed  in  loni/ed  media  lor  main  vears  M  the 
extremely  low  jlensiiies  ol  mieistellai  v|Nue,  (iould  arid 
S.iijxMei  1 1  I  msok 'd  I  he  presciKe  o|  small  s  har^jed  ^u  ains 
to  evplam  ifu  svnihe'«n  <»l  m«ik\ul.if  s(h\  les  in  ihttuse 
nebulae  Ibn  le  .md  V^  kkiamaMM^e  \2\  reviewed  the 
lnslellt^  into  (he  weak  ^'aLutu  ma^netu  fieKI  and  vommi* 
vhemual  svniheMs  on  Nmall  ..harmed  Just  panules  \\ 
hi^’hei  (Mfssurcs  hul  still  with  Jistani  spatial  boundaiies 
the  du>l  in  [danetaiv  alfnosphefe>  anil  [dane‘ais 
stiui(ure>  has  been  studied  cxttmsivclv  bv  (lotTt/  |M 
\Mupple  141,  Norififnj)  [^1  .nul  «'ihefx  |ri  '}  An  eailv  as 
I  ^'4  (be  ihservdtjon  oi  dusi  in  a  niavrna  w.t\  not-'-d  bv 
1  an^imiiir  ft  ■!/'  |H|  i  ij(v  vear>  Lifer  (he  «Ki.urren»e  of 
dint  in  bounded  [>«>M(ive  lolumn  plasin.is  vs  a*.  >!iidud  m 
-^onu*  detail  hv  I  meieu'  and  Hreslm  p/j 

IfKie.nin^'  lise  of  [t<w  pri’ssuie  [djsni.i  pfiHes>m»’ 
real  lots  and  (he  e.nv  .iv .utabiiiiv  of  i.nei  Itehi  M.«t((er>n^ 
dia^mosiK  V  >howed  dial  main  o(  ihme  dnvh.*r^V‘ 
pOKluiCii  and  trap(vd  lai^’e  uaant>e^  of  nusiovopi, 
iIun!  I  he  evieuMve  liieiaJuie  on  ,|ij>i  in  nlrofdn^u.tl 
pla>nun  lolionlal  Mn);H‘nsioin  iuk  leadon  tfiroiv  ,ifu! 

I  hatf'ed  aeiosoU  o  ,i  lerntti  ^lal1ln►’  foi  tfie 

iiiulei Nl.iiivlin^'  of  di.sis  laf>oi.iiois  |)|.nma>  Mowevei 

(here  are  two  dnlifutne  features  of  LiNnatofs  pl.nrnas 
whiih  Jiffei  M^mitkantlv  Isoiii  these  i  Lissii  a!  areas 
ills  l.ibi'f .itorv  disvhar>;es  have  ^''‘‘•I'v'trii.  boundafie'- 
wfio^^e  Ntfikluie  vOihp*silion  leinjHfaJiife  linfoiv  mil 
ondui  ( I V  It V  intlueiue  die  torrnalioii  .tiu)  fiam|«ori 
dust  ^'fains  Seiond  the  evternal  lOi  'iit  nhub  inaintamN 
(he  dusiv  plasma  in.;'oses  spatiotemjvor ally  saivm^.* 
fsoundarv  londilioris  on  the  diniv  disi  iiar^»e 


.At  early  times  dust  provides  a  distributed  reeombi- 
nation  sink  lor  electrons  and  ions,  the  impedance  ot  the 
discharge  increases.  »nd  there  may  be  a  lival  elevation 
of  the  electron  leinjxr.mite  .At  later  times  the  com 
binahon  t»t  liint  densiu  and  apparent  dust  floating  |>o 
teniial  (as  deiived  arul  lefined  in  many  pa|XMs)  |4, 
ip|XMi  to  salislv  the  -  ondition  to  foiin  a  Coulomb  solid 
1 1(1)  However  flie  expeiMikuus  do  not  evavils  lonfirm 
this  fheoiv  Atiei  some  time  ot  lunmne  a  loidimxJ  dn 
I  haTffe  the  diniv  volume  is  sliaiplv  delineated  md  its 
ix'havioiif  while  .oileitive  ipfXMis  to  tesemhle  a  liquid 
droplet  Ihis  Jioplet  n  f's'iiiuled  t'v  (he  self  voinislcMl 
mteiaitions  fviween  the  dini  and  the  plasm.i  I  here 
I-  .1  vlishiut  mli'ff.iie  ivtweeii  rfie  »lint  'oilume  and  the 
lemaii'in^*  pLnma  whiili  h,is  \  siruituie  and  itiai^'e  dis 
.nhiition  sinnl.ii  lo  j  mi.  elle 

V  .Minme  ele.  Koi,  inu  loei.ipfn  'SlM-.*  ot  tin-  dint 
iisM  p  i  lovs  rfuiev  os  kt'\  I  {'lot^e  o.'vimi  naiiow 
si/e  dnlid'UiMM.s  arid  oioi  pfn  «|oe  \  Ti  iiuiiisi  t'lil  ol 
MiKf'OSiopn  V  nii;  l)"sv  !‘f '  hero  I  low  soil.ij.'i’  sl  Ms 
.ife  essential  *f  i>iii  is  ti  •e^o‘v^  du'  'urtaie  U'vluir  of 
low  jtomu  mmdMT  maletial  Ific  low  vot1a>.’e  low 
V  uirt'iif  pfotn'  ai'<'  1^'iniils  one  fi  I'v.jmn.ie  uiKo.Ut'd 
'.irnples  wuhoni  »s,- no  lani.iee  li.oomo.iofi  t  U  i  iion 
rntsyoeraphs  lfM«  oi  wriolt  i'ani'  uid  linn  sections 
show  t.idi.il  •dn*i‘iiii  »nn  1  ovf I ui  t me  and  t  lai  k  of 
.  rwulliniiv  m  loinaiii'  .!•«  sni.dl  j  >  .'iM;  .\  Ifu'  ft.uial 
morpholo^'v  md  .uiCki  ii-siuo  trr-  .imili'  o, 
eiu  ounleri'd  if,  sp.iih  ir  |  voalmi''-  wftrte  Ow,  i 

ten>iH'».ituH'  o  hos  Ui.io  it. tit  tru.-  nicdnu'  hnijS'iiUif  ol 

the  sk’l^'sMed  m  jlei '.I  •  il!i  I  tie  paOi^lc'-  moi  pfi,  .|,  n' \ 

[st'i iliif  s  msiehls  I .  ’ll '  die  n.iliiie  of  dti  iiti  vi's  1 1  •  >ni  vs  fn.  ft 
h<»m«ieerH*ousl\  nux  ic.ttf  j  ei.miv  ne  r'tnli 
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Figure  1.  low  voltngo  high  rosaiution  scanning  electron 
micrograph  of  a  typical  dost  parlicle  grown  fronr»  a  1  Torr 
15  kHz  f-He  plasma  with  graphite  electrodes  The  particle 
diameter  is  650  nm  See  also  [17] 

2.  Dust  in  RF  discharges 

VWitU'  dust  Is  Iniiiui  in  JiKM  I  III  I  cm  1 1  iC »  dis*.  h.iiccs.  it 
1  s  u'ImIK  I 'hsci  s cd  in  l.ii l'ci  giKintiticv  t< »t  the  same  p.isos 
lllldcl  M'lUtltlClls  .'t  MdlOlICl|UCIK\  (Kl  I  C\l.  I'.ttion  Wc 
!i'  'ic  ili.il  ifu'  dust  .ipjHMi  s  nil  'si  u'.ivliK  III  cU\  (I « »nfi;ali V c 
.’.Is  nii'tiiics  ,ind  ,iIm'  uhen  llicic  is  a  suhstialc  mkIi 
js  silkun  oi  i.iit'iMi  j'U'scni  Hi'th  si!ui»n  and  <.aihi»i». 

In  n  spiitlv’i  .-d  '.icid  cii\  lioiictMtisc  lii-c  kulu.  als  lo 
..iiisU  .;,i!l'ip.'i. lilts  tfic  duM  ssill  t’c  ncp.itiscls  i  haiccd 
i  III  VI  Ils.  ImIl'C  is  a  SCIS  .’nklcn!  II. ip  liu  IlClMllSC 
Hills  ,i()d  i.i[  mu  i''sC'*pH  ,  (ici.M!i\cl>  i.fi.tr.:cil  (urtuUk 
1  he  i  [i\ln'dc''  .u.jiiiic  a  ncc.itisc  lx  hias  iliii'  to  the 
iniiv  ti  fiiclici  iiuitiilil\  ol  ihc  cLu  tinfk  i  o  ill  pa  led  lo  ill. it 
I't  ihr  posiiiic  [Oils  Ihc  .init’ipolai  cicvliu  tudiK  lliat 
-nmii  111  ihc  i.idial  diiiuiion  Kuausc  ‘>l  the  'v.inu*  citcci 
a!.*'  'Mp  lu'p.iiisc  ini)'.  .ind  p.irlkics  Itius  even  .it  li»vv 
pii'sscics  ncealise  ion  v oik ent i .itioiis  .iie  Imiileil  hs 
honii n’CMci 'Us  pioiess^-s  mu  h  as  ion  ion  reiaiiiihin.iluni 
and  cIlhIiom  dciaiiinu'iil.  kitliet  than  dittiision  ami 
licicMi'i'iieoiis  ’.s.di  iiuoinf'ination  Hoiiioeeiieous  li'ss 
kincli^s  I  an  witl;  .i  lelatisels  Mil. ill  all.u  hineni  lale. 
siill  ksull  in  neealisc  ion  densities  sshicli  pieatis 
evvced  ilic  cii'idon  deiiMis  117]  IMiie  on  line  mass 
s|>i\  iiiHiiciis  link  Imp  i  I  ,t!  I  Mj  showed  aiitk«»iiel.iiii'iis 
o!  iicp.ilise  lofis  and  jxivsdei  ill  silalic  Kl  hsill.ifpes 
W.ii.inahc  ti  ill  |!4|  demonsir.iied  that  sgii.itewavt 
iiiodiil.ilioii  ot  llu'  HI  Soil. Ip c  sijjipiesscd  p.iitk  le  piowih 
Ol  II  ippiiis.''  .ind  ili.it  ttie  inoilul.ilion  t.a  ilil-ites  sttuls 
o!  dll-  L’lossdi  kiiii'lus  low  dills  vVilc  nioiliilalioli 
tcl.ivi'd  dif  I'iciiion  tcnifH’iatiiic  and  allowed  the  nasieni 
I’l.iins  iii  diduse  lo  the  t'omul.iiies  intntMlinp  pt*»wih  to 

IlMi  I  o  M  .  ij'U  si  /fs 


Table  1.  Intertwined  constraints  on  particles  in  plasmas. 


Radicals  and  ion  fluxes 
Bonds 

Temperature 
Desorption 
Surface  Charge 
Sputtering 
Floating  potential 
Electron  and  ion  fluxes 
Electron  affinity  and  work 
function 
Electrostnction 

Field  and  thermionic  emission 
Photoelectric  charging 
Electrostatic-gravitational 
balance 

Collisional  drag  f'om  ions  and 
neutrals 

Ensemble  polari/ability 
Mass 

Surface  radical  recombination 
Surface  electron-ion 
recombination 

Surface  quenching  of  energetic 
species 

Thermionic  emission 
Pyrolysis 
Radiation 

Knudsen  or  continuum  cooling 
5  Plasma  perturbation  Neutral  lecornbination 

effects  Charged  particle  recombination 

Particle  scattering 
Particle  asymmetry 


Duni  paHklc  ^.nlUI.•ml.ltll»n^  .is  i.jipi.*  .is  10*  cm 
have  hccii  icjxijicd  |14j  Ihc  dust  pi. mis.  unce  Iniim.ul, 
li.i'c  it»  s.iiistv  m.iiiv  consiMiiiK  .n  ific  same  time  (i.itdc 
h  .-Xnionp  ihcsc  the  ih'.itmp  potential,  which  tesiilis 
ftoiii  h.il.aienip  the  ekuiinn  aikl  mn  tluves  in  .he  particle, 
li-is  rciciveii  tlu‘  puMiesi  .iiteniinn,  (n.iin  leiiipeMliiies, 
while  irltcn  eijiiiiihi.ited  with  the  iieuli.il  pas.  mav  he 
siihsiantiaiK  elevated  .it  hipliei  |xiwei  deiisines  ind 
Inwei  picsM.ics  Inc.iiuiesceiice  m  partkie  nudlmp  as 
vvell  .IS  iheiinionk  emission  c.iii  timd.imeiil.ilK  .iliei 
Ihe  p’lam  innrphninps  .ind  phi  ana  piop-'iiies  Ihmieles 
also  respond  to  tnieC',  which  v.uv  in  m.ipimuile  .mump 
diveise  evpeiin'enis  ( ii.iv  ilatmn.il.  eku  lioK.itu  .  iieuti.il 
and  mn  diap.  dieimnphoreik ,  .iiul  piessuie  pi.idieni 
fniees  .ill  influeiue  p.iilkle  lt.ins|>nrt  Ihese  h.ive  heeii 
i.  .il.iliipned  ini  small  pi. nils  m  .i  !  Ion  .Aienn  pl.ism.i 
elesewlieie  m  ihis  ksne  ll'vj 


3.  Sources  of  dust 

Ihe  dust  van  tuipm.ile  tmin  |>lasm.i  ihemisim  m  Ihe 
pas  phase  u- p  i.iihnn  iiionnside  ni  sihme  i  mit.iminp 
disvli.tipcsj  ni  lioin  Njuiiieiinp  o|  ilu*  eIevIiode^  u  p 
innsi  inei.iK,  pi.iphile'  It  the  distlijipe  is  m  ,i 
p.is  lli.tl  I  .in  dtsMKi.ile  In  piodme  i.iit'on  .iloiiis 
then  alum  tniHeniuiluuis  .ipph  i.u  hi  up  Hh’  mn  '  .ite 
pnssihle  The  Cijiniihi  tum  v.ifuuji  piesMiie  nl  ^..itu  ii  .ii 
inniii  lemjVMiure  is  esseiiluilK  /cm  so  ih.il  elcilinn 


1.  Growth 


2.  Charge 


3  Position 


4  Temperature 


Particles  In  plasmas 


impact  dissociation  of  the  patent  gas  will  produce 
a  supersaturated  vapour.  Under  such  conditions  the 
nucleation  rate  is  very  large  and  the  onset  of  stable 
cluster  size  is  driven  to  small  clusters  of  just  a  few 
atoms  [161.  This  is  important  because  the  rate-limiting 
steps  of  cluster  formation  are  those  early  steps  to  form 
molecules  such  as  C2  and  Cj  if  they  are  not  provided  as 
precursors.  Whether  the  initial  grain  nuclei  come  from 
homogeneous  or  heterogeneous  reactions  is  difficult  to 
quantify.  Carbon  is  exceptional  because  experiments 
indicate  its  condensation  kinetics  are  much  faster  than 
foi  any  other  element.  The  clustering  reactions  of 
carbon  have  received  a  lot  of  attention  with  the  fullerene 
synthesis  of  Kratschrner  et  at  [17]  and  the  ensuing 
cyclone  of  literature.  Recently  Heath  [18]  has  calculated 
the  lifetime  of  the  energized  linear  trimer  C[  using 
RRKM  theory.  He  predicts  lifetimes  in  the  nanosecond 
regime  for  this  species,  long-enough  for  collisional 
stabilization  to  form  neutral  Ci  at  intermediate  pressures. 
At  the  Torn  pressures  typical  of  uur  own  experiments 
these  stabilizing  collisions  would  occur  in  each  cubic 
centimeter  of  gas  about  once  every  thousand  seconds. 
The  lifetime  of  the  C'  compiex  is  expected  to  increase 
with  the  number  of  carbon  atoms  n  due  to  the  rising 
number  of  low  frequency  vibrational  modes  as  clusters 
grow 

At  mA  cm  ‘  current  densities  sputtering  yields  of 
10'  '  atoms  per  it'n  give  atom  densities  in  the  10’  cm  ’ 
range,  which  are  sufficient  to  account  for  the  observed 
growth  kinetics  1 19|  Dust  ft  rmation  in  a  freshly  cleaned 
discharge  tube  lakes  tens  of  minutes.  Once  dust  has 
been  observed  in  a  tube,  however,  the  induction  time 
is  substantially  less.  The  initial  mt'lecules  may  be 
precursor  from  the  electrode  sputtering.  Whether  initial 
nucleation  arises  from  heterogeneous  or  homogeneous 
chemistry  is  at  the  moment  an  open  question  Under 
our  low  pressure  conditions  it  appears  that  negative  ions 
must  be  invoked  very  early  in  the  growth,  or  even 
nucleation,  to  explain  the  rapid  growlh  and  long  trapping 
times  observed  in  Ihe  bounded  plasma 


4.  Light  scattering  from  dust  in  laboratory 
plasmas 

l.aser  light  scattering  diagnostics  fall  into  four  tale 
gories:  1 1 )  spatially  resolved  detection  of  the  dust  from 
its  Mie  scattering  using  a  broad  area  beam  and  CCD 
video  cameras,  (2)  angular  vanation  of  scattered  light 
intensity  from  a  small  ureal  volume,  scattering  depo 
lari/ation  using  a  polarized  laser  (or  white  light)  beam 
The  Mie  scattering  formalism  permits  straightforward  in 
ference  of  the  particle  size  and  concentration  when  the 
complex  refractive  index  is  known,  the  dust  particles  are 
spherical,  and  the  size  distribution  is  monodisperse.  Ex 
uru  examination  of  the  dust  using  .SI  Ms  can  be  used  to 
verity  the  latter  two  assumptions,  making  the  analysis 
unambiguous. 

A  fourth  method  infers  the  concentration  of  the 
panicles  in  situ  hy  examining  Ihe  tiuctualions  of  the 


scattered  optical  signal.  In  a  test  using  a  helium 
discharge  with  graphite  electrodes  the  light  scattering 
intensity  initially  showed  significant  noise.  After 
30  min  there  was  no  detectable  fluctuation  of  the 
signal  within  the  ten  bit  resolution  of  the  digitizer. 
The  sampling  volume  for  this  measurement  was 
approximately  0,1  cm'.  The  ratio  of  the  fluctuations  to 
the  total  signal  scales  as  W  * where  /V  is  the  number  of 
particles  in  the  scattering  volume  ]20].  This  experiment 
implies  particle  concentrations  in  excess  of  10’  cm  '. 


5.  Grain  nucleation  considerations 

The  growth  rale  at  early  times  is  very  large — Watanabe  el 
at  ]  14]  report  10*,  100  nm  particles  per  cubic  centimeter 
after  only  I  s  and  we  have  obtained  micron  sized 
particles  after  seconds  in  CO/argon  discharges.  In 
rare  gas  plasmas  where  the  grain  material  can  only 
come  from  the  electrodes  such  particles  are  observed 
after  a  few  minutes.  The  similar  sizes  of  the  grains 
suggest  Ihe  same  starting  conditions  and  lime,  while 
their  .spheroidal  symmetry  implies  that  growth  is  by 
homogeneous  nucleation.  Growlh  by  interception  of 
radicals  is  not  adequate  to  give  the  measured  early 
growth  rates.  The  very  rapid  growlh  rale  at  early  times  is 
compatible  with  accumulation  of  mass  by  ion  collection 
across  the  Debye  sheath.  Of  course  the  growlh  is  a 
dynamic  process  with  deposition  and  sputtering  of  the 
the  growing  particle  as  well  as  some  rearrangmeni  of 
the  surface  structure. 

Some  fundamental  physics  questions  are  raised  for 
this  early  growlh  stage.  When  does  a  negative  ion 
become  a  cluster  and  achieve  macroscopic  properties? 
Gibson  |21|  and  Hreslin  and  Hmeleus  |22]  explored 
the  criteria  for  Ihe  size  and  charge  at  which  an  ion  is 
more  accurately  described  as  a  panicle.  They  derived 
the  same  transition  size,  about  10  ’  cm.  by  two  routes. 
First  they  obtain  10  ’  cm  by  requiring  a  small  number 
for  the  surface  charge  on  small  particles  with  typical 
plasma  conditions.  The  same  size  results  by  requiring  a 
symmetiic  sheath;  the  grain  must  not  move  more  than 
a  Debye  length  in  an  ion  [leriod.  Finally,  the  transition 
size  correspimds  to  conditions  where  hulk  properties  of 
the  material  change  Ixiw  melting  temperatures  lor  small 
clusters  are  a  rcsuli  of  most  atoms  being  at  the  surface 
This  means  that  the  surface  mobility  of  adsorbed  atoms 
is  high 

How  do  the  very  small  particles  survive  t’oiilomb 
explosion’  In  order  to  stay  at  the  floating  potential 
the  dust  must  acquire  negative  charge,  but  not  so  much 
that  Ihe  radial  electric  stress  exceeds  the  tensile  stiength 
of  the  material  t)ne  way  around  this  constraint  is 
the  homogeneous  nucleation  suggested  above,  which 
produces  a  high  concentration,  .V,  ol  clusters  These 
become  ncgalivcly  charged  with  surface  charge  (Z  The 
product  NQ  becomes  sufficient  to  perturb  the  local 
electron  density  and  hence  the  space  potential  decreases 
while  the  floating,  potential  becomes  less  negative  |3, 
4],  However,  extreme  leduclion  of  the  floating  (Vilenlial 
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destroys  the  ion-sheath  accelerated  growth  mechanism. 
Particles  may  grow  outside  the  main  discharge  region. 
If  they  are  large  enough  they  can  survive  the  charging 
process.  This  mechan-sm  is  almost  certainly  at  work  in 
etching  plasmas,  where  large,  irregularly  shaped  particles 
from  the  reactor  walls  are  an  important  source  of  dust. 

The  spatial  distribution  of  the  dust  particles  in 
the  plasma  depends  on  the  several  forces  that  act  on 
them.  These  forces  have  been  summarized  by  Barnes 
et  al  |23|  and  include  gravitational,  neutral  and  inn 
drag,  electrostatic,  thermophoretic  and  pressure  gradient 
forces.  Which  of  these  forces  is  largest  depends  in  detail 
on  the  plasma  conditions.  The  repeated  observation 
of  dust  clouds  at  sheath  edges  would  seem  to  impute 
electrostatic  and  ion-drag  forces  under  many  conditions. 
In  our  own  plasmas  whose  geometrical  boundaries  are 
symmetric  and  whose  vertical  electrtxies  reduce  the 
dominance  of  the  electrode  sheaths  we  see  unambiguous 
evidence  of  assymmetry  due  to  gravity. 

Choi  and  Kushner  [24],  Daugherty  et  al  125|  and 
Boeuf  |26|  have  mixielled  the  Rl-  discharge  with  dust  and 
generally  concluded  that  the  particles  will  be  negatively 
charged  and  confined  by  the  sheaths.  Whipple  et  al  (27). 
in  describing  dusty  plasmas  m  planetary  atmospiieres. 
conclude  that  the  vacuum  capacitance  and  flouting 
potentials  for  an  isolated  particle  are  not  appropriate  for 
the  dust  ensemble.  Rather  the  capacitance  must  be  that 
of  a  particle  immersed  in  the  plasma  as  modified  by  the 
ensemble  of  nearby  charged  dust.  The  floating  potential 
'vill  be  less  negative  than  computed  when  ignoring  the 
ensemble,  so  that  fewer  surface  charges  ate  required. 
Klectron  depletion  ellects  are  significant  not  only  in 
astrophysical  environments  but  also  in  the  estimation  of 
plasma  conditions  inside  dust  regions. 

The  esperimental  results  on  R(  discharges  are  not 
quite  in  agreement  with  all  of  the  present  theoretical 
papers,  .Most  of  the  differences  are  probably  attribuiable 
to  the  different  boundary  conditions  imposed  by  the  RH 
discharge  or  by  the  circuit  If  the  discharge  geometry 
is  constrained  then  the  dust  influences  the  electron 
energy  distribution  function  and  the  discharge  impedance 
increases.  If  constant  current  is  the  circuit  constraint, 
then  the  electric  field  must  mcrca'f  and  the  local  electron 
temperature  increases  as  observed  by  C'arlile  and  Geha 
|28|  Inmost  laboratory  plasma  geometries  the  discharge 
current  can  flow  around  the  dust  cloud  by  choosing 
a  lower  impedance  path  This  effect  seems  to  occur 
when  the  dust  density  is  high  or  with  low  frequency 
discharges  Dramatic  impedance  changes,  both  resistive 
and  capacitive,  have  been  observed  Al  high  dust 
concentrations  the  dusty  region  is  sharply  defined  as 
seen  in  figure  2  The  boundary  is  visually  film  like. 
Igloo  formations  above  wafers  (29]  and  sacs  of  dust 
both  within  and  outside  the  electrode  region  arc  easily 
observed  1 17) 

6.  Morphology  of  tno  diiat 

One  ol  the  obvious  questions  raised  by  the  presence 
of  geometrical  boundaries  is  whether  the  dust  particles 
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Figure  2.  Schematic  view  ol  a  dusty  plasma  showing 
crisp  spatial  boundaries  at  the  sheath  edge  and  also  in  the 
radial  direction  Shaded  regions  indicate  trapped  dust. 

or  the  nuclei  from  which  they  grow  are  generated  al 
the  reactor  walls  Large,  aspherical  particles  observed 
by  Selwvn  el  al  |291.  Slofiels  et  al  |.3()|  and  others 
in  halogen  mixtures  are  clearly  derived  from  etched 
fragme.ils.  Ihe  micrograph  in  figure  .f  shows  the  surface 
of  a  silicon  wafer  etched  in  an  Rl-  diode  reactor  using 
Selwyn's  recipe  of  high  powers  in  a  ('('l.-K:  ()>  gas 
mixture.  If  formed  on  an  insulating  surface  particles 
charge  negatively  when  the  discharge  is  initialed  The 
electrostatic  repulsion  between  the  wall  and  the  panicle 
and  an  electric  field  of  the  ion  sheath  can  overcome 
the  force  binding  the  gram  to  the  surface  and  inject 
Ihe  panicle  into  Ihe  plasma  The  negative  ions  and 
the  larger  negatively  charged  grains  are  precluded  from 
wall  contact  by  the  sheath  and  ambipolai  fields  It  has 
been  suggested  |  3|  |  that  positive  ion  molecule  reactions 
might  be  resp-insible  lor  the  rapid  growth  of  grains  in 
silane  plasmas  However,  the  same  fields  that  trap  anirms 
guarantee  a  shon  residence  lime  for  canons  l-veri  with 
ion-molecule  reactions  at  l.angevin  rates  1 10  '  cm' s  ') 
one  has  lime  for  only  a  few  ion  chisiermg  reactions 
before  the  positively  charged  species  are  neulrali/ed  at 
a  wall  or  electrode 

The  size  of  the  grains  provides  some  clues  about 
their  origin  X  lay  analysis  of  particles  Irom  the  rare 
gas  discharges  show  that  ihcy  are  ti>rmed  ol  carbon, 
which  can  only  come  from  the  graphite  electrodes  The 
transit  lime  ot  .i  spulieied  carbon  atom  liaversing  the 
inierelectriKie  gap  is  ol  the  order  of  milliseconds  lor  oiii 
conditions.  The  neutral  deposition  rale  scales  wiih  the 
surface  area  of  the  grossing  gram,  which  is  only  atmul 
10  cm'  for  a  30  nm  gram  Ihe  meascred  grov»ih 
rale  of  III'  atoms  per  second  would  require  unreasonably 
large  partial  pressures  ol  carbon  However  ionic  giowlfi 
rates  scale  with  the  surface  area  ot  the  Debye  sphere, 
proportional  to  >,  10  'cm',  which  is  six  orilers  ol 
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Figure  3.  Silicon  wafer  etched  In  an  nr  diode  using 
a  CCJ?f^2:02  plasma.  Undercut  features  have  broken 
off  and  presumably  led  to  dust  in  the  plasma  reactor 
{Sample  courtesy  of  Winfred  and  Eva  Stoffels.  Technische 
Universiteit,  Eindhoven,  The  Netherlands). 

mayniiude  larger  than  the  ^odincirical  area  An  electron 
density  of  10'^  cm  *  and  u  loni/ation  rale  tit  U)  '  cm' s  ' 
imply  an  lorn/.atmii  prohahiliiy  ot  10  ‘  as  a  sputtered 
aitim  moves  trom  oik*  cleciiode  lo  another  A  carbt>n 
atom  conceniralmn  of  10  cm  '  is  required  tt)  account 
li>r  the  eail>  growth  rate  by  an  nmic  mechanism  With 
diwharge  current  densities  ot  I  fn,\  cm  ’  the  ret|uiied 
t1ux  i>t  lO’’  cm  •  s  'is  obtained  ai  a  sputtering  yieltl  oi 
tinly  2  '•  10  *  atoms  per  ion 

I’Aaniinaiion  ot  panicles  extracted  trom  the  sputtered 
carbon  plasma  by  sI  Ms  and  IT.Ms  deniosirales  niontHlis 
perse  si/e  disirihuiions  |  l‘J|  The  particles  have  appmci 
mately  sptiencal  symmetry  flowevei  ifiey  .tie  not  ct>m 
p.icted  maleiial  llie  internal  nuMptiology  revealed  by 
ll-.M  t>i  in  hioken  panicles  dignie  t)  of  lel  (l^|i  slu»ws 
hactal  Of  caulirlower  like  levluie  The  p.uiial  ct»lumnai 
siniciures  are  consistent  with  l>.iilisnc  deptrsuitui  M2| 
rather  th.in  ditUision  limned  aggregation  {.V^|  Hallisitc 
mechanisms  invoking  ions  and  itie  sheatti  tteld  use  the 
large  (  ’  ion  nuthiliiy  respKuiding  to  the  instantaneouN 
ItKal  electric  field  neat  the  surface  ot  the  spinning  paiti 
cle  C'omplic.iied  tevtures,  including  sell  attine  surtacev. 
mav  lesult  trom  istMropic,  ditlusive  Iluxes  ot  neutr.-l  rad 
icals  to  (he  jjrain  Hitwevei  the  siaik  radial  symmetry 
«n  the  panlcle^  is  more  simply  c’^plained  with  .m  lomc 
de|>ositioii  nuvh.intsm  The  tr.ui.il  i haracterisiics  of  die 
giowiny  glam  in.iy  play  an  Mn|'.<inam  'o| '  m  iiimting  the 
MjftavC  chaigL  Surface  te.ilures  with  .i  mjuM  r.idms  o! 
curvature  ti.oe  enhaiieetl  hnal  electric  fields,  peimilling 
the  tiekl  eiiiisMoij  of  elevtioiis  to  a^t  as  a  limn  t»n  itie 
etjuilihi lum  flo.mng  |M)ienlial  j  Mj  I  leld  emissum  Inun 
wtiokers  may  in  this  way  pievent  disnipoon  ot  the  grain 
by  ^  ouhniit^  e\[)}osmn 


7.  Chemical  kinetics  modification  by  dust 

Saltviei  ti  III  [11  have  examined  itie  enhanxevl 
letoir.f'ination  ot  aionik  fivtliogen  on  grains  in  spaie 


Similar  effects  are  expected  for  other  radicals  derived 
fmm  deposition  and  etching  gases.  The  fractal  structure 
of  the  small  growing  grains  means  that  the  total  surface 
area  of  the  dust  often  far  exceeds  the  surface  area  of  the 
electrodes.  Thus  dust  will  reduce  the  concentration  r)i 
etching  atoms  such  as  chlorine  and  reduce  the  etch  rale 
and  uniformity.  In  the  carbrm  dust  discharges  we  have 
found  that  t!ie  prrvcess  of  dust  growth  is  self-limiting. 

In  silane  di.schurges  at  higher  pressures  and  powers 
the  dust  grows  very-  rapidly  and  to  larger  diameters. 
Calculations  show  that  generally  the  dust  temperature 
shxmld  be  cU^se  to  ambient  for  typical  reactor  conditions. 
There  arc  some  interesting  thermal  effects  for  very  small 
gi'ains.  The  radiation  from  small  particles  dec.ieases 
rapidly  with  increasing  wavelength  once  the  wavelength 
is  larger  than  the  particle  This  effect  reduces  radiative 
ctHiling  ini^re  dramatically  the  smaller  the  panicle  Many 
material  clusters  have  melting  tem|X*ralure  that  decrease 
rapidly  with  decreasing  si/e  Hence  higher  powers  may 
renn>ve  dust  since  the  stability  I'l  a  liquid  dmplet  to 
electrostatic  ilisruplior  is  much  less  than  that  ot  a  solid 
gram  At  higher  fHt\  ers  and  m  reacUve  gases  such  as 
silane,  the  surface  leating  can  cause  pyrolysis  ot  the 
parent  gas 


d.  Collective  and  non^ideal  plasma  effects 

Ike/i  PM  outlined  ihe  conditions  tor  whicti  sin.ill 
p.uiKles  in  plasmas  could  loim  .i  Coulomh  lattice  [  he 
laiH)  between  ihe  Coiil  *mh  energy  and  the  kinetic  energy 
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dislaiKC  and  kiiielu  lein|vialuie,  lesfK'ctively  Thisian 
be  rewritten  in  terms  ol  ihe  diisi  concenir.ition 
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so  ih.il  when  1  is  laigei  than  2.  a  l'oiilomt>  liquid  is 
predictexl,  aiul  when  it  exieeils  170,  .t  ('oulomt^  solnl 
shouhl  lesuli  As  a  lesuli  ot  ihe  huge  /  in  dusiv 
pl.isinas.  this  ratio  can  tv  large  even  toi  leladvelv  huge 
ti  Several  authors  j  <7|  h.ive  suggested  thal  itie 
particles  liapjVd  in  Kt  disctiaiges  s.iiislv  ihe  miulilioiis 
Ixu  ptiasc  Uaiisiiion  n|  itie  iliist  ensinnhie  lt>  a  lutuid  oi 
}>eihaps  even  lo  a  solid 

When  examining  itie  sialleiiiig  of  light  liom  ihr 
iiUeiioi  region  ot  a  ilusl  x  loin)  we  si*e  no  evuleiue 
til  Hruwnian  moinm  Itie  tstumdanes  ot  die  dust 
cloud  respond  lo  jxMturbalions  al  very  low  ticijueiuies 
We  have  applied  a  i.hif|vd,  one  jvi  cenl  anifihuuk 
iiiiKiulanon  to  our  IS  kH/  iliistv  hehiun  plasma  wiili 
graphite  electrodes  Itie  niodiilalion  tiequeiuics  weie 
varied  lioni  O  1  !*■  So  11/  ovei  2  S  s  .md  itie  sv.iiuned 
light  was  iimiged  tiom  an  edge  4Jt  the  tiuslv  volume 
4»ni4«  a  phutomulnpliei  .ind  leeniJed  *  o.uife  4  sti»>ws 
boih  the  amphluJe  im»dnlanon  ol  the  ;  I  ma  \»tli.iL'e 
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Figure  4.  Amplitude  modulation  of  the  nr  driving  voltage 
applied  to  a  15  kHz  Helium  plasma  and  the  lesulting 
modulation  from  light  scattered  by  dust  near  a  radial  cloud 
boundary  (not  the  electrode  sheath). 

uiid  the  scattered  light  mcxiulation  The  scattering  is 
most  inteiiseiy  modulated  at  low  frequencies.  This 
observation  is  quantified  in  figure  5,  where  the  ratio  of 
the  Fourier  transforms  of  the  modulated  signals  shows 
a  transfer  function  which  is  inversely  proportional  to 
frequency,  as  expected  for  a  viscous  damping  force 
proportional  to  velocity.  No  evidence  of  resonance 
was  observed,  though  the  sub-Hertz  responses  seem 
incompatible  with  independent  motion  of  individual 
dust  grains.  We  suggest  that  collective  motion  of  the 
boundary  or  double  layer  which  envelopes  the  dusty 
region  is  constrained  by  surface  tension  and  it  is  this 
force  to  which  the  lethargic  motions  correspond.  Our 
own  evidence  for  collective  behaviour  is  given  by  a 
visual  sheath  which  surrounds  suspended  dust  clouds 
This  sheath  is  thicker  on  the  side  facing  the  powered 
electrode  than  it  is  on  the  side  of  the  plasma  region. 
Motion  of  dust  following  extinction  of  the  plasma  occurs 
over  seconds,  more  slowly  than  classical  diffusion  and 
other  transport  processes  in  glow  discharges.  Recently 
Thomas  (38)  has  obtained  direct  evidence  of  a  phase 
change  of  the  dust.  He  Introduced  larger  particles  into  a 
plasma  with  an  ultrasonic  nebulizer  and  obtained  micro¬ 
video  recordings  of  the  stabilized  and  rea.sonably  crystal¬ 
like  particle  positions. 


9.  Fractal  texture 

The  cauliflower  morphology  has  been  reported  in  a 
wide  range  of  reactive  plasmas  including  our  own 
1  Torr  noble  gas  plasmas  with  graphite  elecirixles  119). 
diamond  synthesis  plasmas  in  a  kilowatt-class  cascaded 
arc  reactor  139),  RF  silane  plasmas  |40|,  and  low 
power  flowing  afterglows  used  in  synthesis  of  organic 
thin  films  |4I)  We  have  developed  a  simple  fractal 
recurs.on  which  summarizes  (he  texture  of  cauliflowers 
embedded  in  iwo  and  three  dimensions  An  outline 
of  the  21)  recursion,  which  is  based  on  a  variation 
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FIgura  5.  Ratio  of  the  power  spectra  for  the  two  traces 
shown  in  figure  5.  The  linear  increase  of  damping  with 
velocity  indicates  a  viscous  drag  on  the  dust  ensemble. 


Figure  6.  2D  fractal  recursion  for  generating  cauliflower 
textures. 

of  the  modified  midpoint  method,  is  shown  in  figure 
6.  From  vertex  A  construct  any  triangle.  Next  draw 
a  line  from  A  through  the  midpoint  of  the  opposite 
side  BC  and  continue  for  a  distance  DE.  Repeat  this 
construction  using  ABE  and  AEC  as  the  initial  triangles 
while  scaling  the  distance  by  some  fraction  F  times 
the  length  DE.  An  example  of  this  recursion  applied 
to  a  hexagon  is  .shown  in  figure  7(a),  which  illustrates 
the  extreme  sensitivity  of  the  surface  texture  to  the 
fraction  F.  In  figure  7tfi)  we  see  the  influence  of 
gaussian  random  fluctuations  in  F  between  steps  in  the 
recursion.  The  structure  is  less  symmetrical  but  retains 
a  texture  which  is  still  sensitive  to  the  average  value 
of  F.  We  suggest  that  this  F.  or  the  fractal  dimension 
derived  from  it.  provides  parsimonious  descriptions  of 
the  surface  texture.  Generalization  of  this  approach  to 
solids  embedded  in  three  dimensions  employs  tetrahedra 
in  place  of  triangles  and  constructions  which  intercept 
the  center  of  opposing  triangular  faces.  The  fractal 
dimension  is  retained  as  a  parameter  whose  subtle 
variation  causes  a  dramatic  change  in  the  surface 
morphology.  Tlf  growth  mechanisms  can  be  fruitfuliy 
compared  with  the  observed  fractal  textures  in  a 
quantitative  way  through  their  fractal  dimension. 

10.  Conclusions 

Charged  dust  grains  in  laboratory  plasmas  share 
much  with  dust  in  planetary  nebulae,  ihe  interstellai 
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Figure  7.  (a)  Variation  of  texture  with  the  scaling  ratio  F 
from  0.1  to  0.9  and  (b)  influence  of  gaussian  variation  of 
F  about  an  average  value  of  0.3  on  the  resulting  fractal 
texture. 


media,  rings  in  planetary  atmospheres,  colloids,  and 
aerosols.  Dust  in  laboratory  plasmas  is  set  apart 
by  the  potential  importance  of  geometrical  and  circuit 
boundary  conditions  which  make  possible  its  trapping 
and  observation.  The  ease  with  which  different  materials 
can  be  made  and  trapped  for  long  times  should  permit 
interesting  experiments  on  heterogeneous  synthesis  from 
unusual  radicals,  production  of  novel,  monodisperse 
colloids,  and  new  understanding  of  the  mechanisms  by 
which  the  non-equilibrium  of  reactive  plasmas  leads  to 
solid  materials. 
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Abstract.  The  growth  of  particles  in  a  radiofrequency  (rf)  (13.56  MHz)  plasma  at 
pressures  from  25  to  200  mTorr  in  mixtures  of  CF^,  CF,Clj  and  argon  has  been 
studied  experimentally.  A  planar  configuration  was  used,  with  a  silicon  wafer  on  the 
powered  electrode.  The  electron  density  has  oeen  measured  with  microwave 
resonance  spectroscopy  using  a  cylindrical  cavity  surrounding  the  plasma.  The  same 
geometry  has  been  us^  to  measure  the  density  of  various  species  of  negative  ions 
by  detecting  the  extra  electrons  created  by  laser-induced  photo  detachment.  It 
appears  that  the  negative  ion  density  is  much  iarger  in  the  case  of  CFjClj  than  in  the 
case  of  CF,.  There  seems  to  be  hardly  any  dependence  o*  the  negative  ion 
concentration  on  the  CFjCI,  Ar  partial  pressure  ratio  in  the  range  where  pov/der 
growth  occurs.  However,  the  attachment  rate  to  chlorine  is  found  to  be  much  higher 
than  to  fluorine.  Furthermore  the  gas  phase  discharge  chemistry  has  been  studied 
using  infrared  absorption  spectroscopy.  Both  a  tunable  diode  laser  system,  and  a 
Fourier  transform  spectrometer  have  been  applied.  The  CFj  concentration  appears 
to  decrease  strongly  when  powder  growth  occurs.  The  SiF.,  concentration  then  has  a 
maximum.  The  results  indicate  that  the  presence  of  chlorine  in  the  plasma  feed  gas  is 
essential.  In  CF<  no  particle  formation  is  detected.  The  wafer  surface  is  blackened 
during  powder  formation,  sem  inspection  indicates  that  this  is  caused  by 
micromasking.  Considering  all  the  information,  we  arrive  ai  the  conclusion  that 
particle  growth  is  initiated  by  micromasking  at  the  Si  surface  combined  with  a  highly 
directional  etching  process.  Due  to  residual  isotropic  etching  the  particles  are 
released  from  the  surface  and  enter  the  plasma,  where  they  start  coalescing  and 
growing  under  the  influence  of  CF;,  polymerization. 


1.  Introduction 


Powder  formation  in  radiofrequcncy  (m  )  low-pressure 
plasmas  is  a  research  topic  which  has  gained  consider¬ 
able  attention  over  the  last  four  years.  Basically,  there 
are  three  main  chemistries  under  study:  halocarbons 
mixed  with  noble  gases  like  argon,  usually  with  a  silicon 
wafer  placed  inside  the  reactor  [1];  silane,  argon  mix¬ 
tures  [2.3];  and  noble  gas  plasmas  struck  between 
graphite  electrodes  [4].  The  first  (CF.CT.  Ar)  is  related 
to  the  industrial  problem  of  yield  loss  in  semiconductor 
processing  due  to  particle  contamination  inside  the 
plasma  processing  (generally  etching)  reactor.  It  appears 
that  nowadays,  particle  contamination  which  damages 
processed  wafers  takes  place  inside  the  plasma  reactors. 


not  in  the  clean  room.  Plasmas  have  a  tendency  to 
charge  small  particles  negatively  due  lo  the  large  mobil¬ 
ity  of  the  electrons  in  the  plasma.  They  arc  then  trapped 
in  the  glow  by  the  surrounding  space  charge  region 
(sheath).  Typically,  non-uniforrnilics  of  the  sheath  geo¬ 
metry  occur  over  silicon  wafers  which  arc  placed  on  the 
electrode.  As  a  result  of  this,  the  particles  gather  in 
regions  above  the  wafer.  In  effect,  the  plasma  acts  as  a 
very  effective  particle  transportc-:  any  particle  present  in 
the  plasma  will  be  trapped  in  the  glow  and  transported 
towards  the  wafer  After  plasma  eximdion  the  particles 
will  be  deposited  on  the  wafer.  The  electrostatic  force 
ensures  good  adhesio  of  the  particles  lo  the  wafer 
surface.  Recently,  Selwyn  and  Patterson  [.S]  introduced 
the  concept  of  the  self  cleaning  plasma  reactor:  deliber¬ 
ately  introduced  non-iiniformitics  of  the  sheath  re- 
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tufvrs  are  ncgaiise  ii>ns  whith  gio*  in'.s  tiusiris  hs 
asstH'iation  ssiih  railitals  in  ihc  (slasria  [(>1  I  his  rntsh 
anisni  is  (stissibic  hetosuse  s*l  Ihe  If.sppsng  ot  tiegalise 
lons  111  the  plasma  Ihc  pariitles  appear  is'  tx-  small 
crystallites  wilh  a  niootlispcrsc  si/e  slisirihiiin'ii  Alter 
some  time,  'hr  cryslalliles  ts'aleste  i  lorrii  larger 
particles  Ihe  si/c  dislnhulion  lemaiiis  moniHlispcrse 
[7]  Ihe  panicles  arc  Ihus  gencratei!  in  the  gas  phase 
on  a  timescale  of  secontis,  Ihe  sui'ace  is  risil  heliesetl 
to  play  any  role  of  importance  Ihe  ihirtl  chemistry 
(Ar  graphite)  is  uscti  mainly  hsr  funtfamenlal  sttitfies 
In  this  paper  we  ssill  focus  on  the  hrsi  chemistry 
C'l  jC'l,  Ar  mixtures  with  a  silicon  stafer  monnled  on 
the  Rt  powered  electrode  Ihis  chemistry  has  been 
chosen  for  two  reasons.  Cf  /'I,  is  still  used  as  a  feed  gas 
for  plasma  and  reactive  ion  etching,  although  its  use  will 
be  forbidden  in  the  future  by  the  fidict  of  Montreal. 
Furthermore,  it  offers  a  convenient  vehicle  for  studying 
particle  formation  in  low-pressure  plasmas:  particle 
growth  appears  to  be  very  reproducible  and  compara¬ 
tively  slow  (timescale  of  tens  of  minutes),  The  mam  aim 
of  this  paper  is  to  find  out  whether  the  nuclcation  and 
growth  of  the  particles  in  this  chemistry  can  in  any  way 
be  compared  to  the  abovcmenlioned  case  of  SiH*/  Ar,  i.c 
what  roles  do  the  negative  ions,  the  plasma  chemistry 
and  the  surface  play. 


2.  Experimental  set-up  and  diagnostics 

The  experiments  have  been  performed  in  a  planar, 
parallel  rf  plasma  reactor.  The  diameter  of  the  water 
cooled  electrode  was  124  mm.  rf  power  levels  from  10 
to  200  W  have  been  used.  The  electrode  scparatio.n  was 
4cm.  The  gases  were  fed  through  mass  flow  controllers 
The  pressure  was  controlled  by  a  'hrottic  valve  in  the 
pumping  line  of  a  roots  blower.  Pressures  of  25  to  200 
mTorr  were  used.  The  reactor  is  equippeo  wilh  cxchang- 
ablc  windows:  for  photodetachment  quartz  is  used;  for 
IR  experiments  BaFj  or  KRS-5  is  used.  The  pressure  is 
measured  with  an  MKS  Baratron  pressure  transducer. 

For  the  measurements  of  the  densities  of  electrons 
and  negative  ions,  the  grounded  electrode  is  extended  to 
enclose  the  plasma  in  a  cylindrical  cavity.  Microwaves 
are  fed  into,  and  exli acted  from,  the  cavity  with  small 
pick-up  loops.  The  resonance  frequency  of  the  cavity 
depends  on  the  dielectric  constant  of  the  plasma  for  the 
used  frequency.  The  dielectric  constant  in  this  frequency 
range  is  determined  by  the  electron  density.  A  laser 
beam  is  fired  (Spectra  Physics  GCRll)  through  a  hole 
in  the  sidewall  of  the  cavity  In  figure  1  a  sketch  of  the 
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Figor*  1  Outline  ni  me  eB(je<imeniai  net  tgi  uxeO  lev  tne 
meftsorenveet  ol  t^e  eierlion  i-tennity  and  ttse  iseqative  'on 
ilenaity  using  nicrowiiv*  lesonanc.n  spec!rost:opy  ano  Itye 
pnotodetacrinyent  eter  t 


vet-up  IS  gneii  Ihc  inicrowiiycs  .irc  gcncr.itcil  by  .i 
(figatronics  Model  60'  synthesiser  I  or  each  mierowaye 
frequency  the  response  of  Ihe  plasma  is  measured  as  ;i 
function  Ilf  lime  with  a  Hewlett  Packard  541 1  I  I) 
digitizing  oscilloscope  I  he  Ihus  obtained  matrix  is  then 
analysed  in  the  tycrpendicular  direction:  for  each  time 
sample  the  resonance  profile  is  ree  instriicteel,  and  its 
shift  from  the  undisturbed  position  is  determined.  In  this 
way  the  temporary  increase  of  the  electron  density  due 
to  Ihc  detached  electrons  is  measured.  At  a  quadrupled 
laser  wavelength  (266  nm)  all  negative  ions  will  detach 
(Cl  ■ ,  F  ,  C  F,C'I,‘,  etc).  At  tripled  wavelength  (365  nm) 
Cl  is  excluded.  At  doubled  wavelength  (532  nm)  F  “  is 
also  excluded.  In  this  way  one  can  obtain  an  impression 
of  Ihc  distribution  over  several  negative  ions  by  chang¬ 
ing  the  laser  wavelength.  The  measurement  principle 
and  practical  implementation  is  discussed  in  more  detail 
elsewhere  [K], 

For  the  IR  measurcmcr.t.s  BaFj  or  KRS-5  windows 
arc  used.  The  beam  of  a  Laser  Photonics  tunable  diode 
laser  (Ti>L)  system  is  directed  through  the  plasma.  One 
single  pass  has  been  used.  A  mercury  cadmium  Iclluride 
(m<t)  elcicctor  converts  the  intensity  to  an  electric 
signal.  A  I  m  monochromator  is  used  to  select  one  of  the 
modes  of  Ihe  laser.  The  exact  wavelength  of  Ihe  laser 
beam  is  measured  with  a  combination  of  a  gas  reference 
cell  filled  with  NH„  a  germanium  ctalon,  and  a  0.5m 
path  length  Michclson  inlcrferometcr  One  arm  of  the 
Michelson  interferometer  is  scanned,  and  the  number  of 
fringes  is  counted  and  compared  with  the  number  of 
fringes  from  a  stabilized  HcNe  laser  interferometer 
with  identical  palh  lengths  Ibis  gives  Ihc  absolute 
wavelength  with  a  precision  of  about  10  ^m  '  The 
absolute  accuracy  is  increased  further  by  interpolating 
Ihc  fringe!;  of  the  Ge  elalon  between  two  peaks  of  the 
absorption  spextrum  of  NH  fhe  wavelength  of  Ihe  TDl 
IS  modulated,  and  the  first  derivative  of  the  absorption 
signal  IS  measured  with  a  loek-in  amplifier.  One 
measurement  lakes  about  30  s.  Details  of  the  set-up  will 
be  published  elsewhere  [9]  Since  Ihe  gas  and  rotational 
temperatures  of  the  plasma  do  not  change  during 
plasma  ignition  [10],  it  is  sullicient  to  study  just  one 
rotational  line.  If  the  Icmpcralurc  changes,  more  lines 
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i  he  comhincd  set  un  fur  tin  and  l  liH  infrafc*d 
measurements  is  depicted  m  fijiure  2 

3.  Exp«Hiintnts  and  results 

Discharge  condilmns  similar  to  those  reported  by  Scl- 
wyn  el  of  [  I  ]  were  chosen  these  arc  known  to  guaran¬ 
tee  abundant  particulate  formation  A  mulure  of  Ar  and 
CFjCl,,  was  fed  to  the  plasma  at  a  pressure  of 
200mTorr.  In  order  to  change  the  C'f\,Cl.  admixture 
ratio,  the  (.'l■■JCl2  flow  and  the  Ar  flow  were  varied  while 
keeping  the  total  flow  (30  seem)  constant.  Usually  a 
power  level  of  100  W  was  applied. 

At  a  CI'jClj  admixture  ratio  of  10%  when  looking 
through  the  sheath  boundary,  the  formation  of  a  shal¬ 
low  cloud  of  particulates  became  visible  by  the  eye  after 
about  20  min.  depending  on  tnc  cleanliness  of  the  silicon 
wafer  (faster  with  a  'dirty'  wafer,  slower  with  a  clean 
wafer).  Given  more  time,  the  particles  arc  observed  to 
grow  to  sizes  individually  visible  to  the  eye  (order  of  a 
millimetre).  After  an  even  longer  time  the  largest  par¬ 
ticles  can  no  longer  be  levitated  by  the  sheath  and  begin 
to  drop  onto  the  wafer.  At  the  same  time  the  sheath  is 
observed  to  change  shape:  over  the  middle  of  the  wafer 


a  clip  IS  fuiitsrd  with  a  larger  depth  for  larger  particulate 
cuiKetitraliuns  I  he  shcalh  seems  to  iiehave  like  a  mat- 
irrsc  1  he  rrvcnils  iniriKluced  technique  of  laser  evapor¬ 
ation  arul  subsequent  detection  using  emission  of 
ilirrmal  ■•idiation  [  I  1 1  wa,  used  to  determine  where  the 
particles  were  residing  in  the  plasma  At  I0*«  ('f-  j('lj 
onis  a  signal  is  obtained  at  the  shcalh  boundary,  indica¬ 
ting  that  ihe  particles  are  present  only  there  At  the  same 
location  scattering  from  UcNe  laser  is  also  observed 
At  lower  <  (  ,('l  .  admixtures  (e  g  .'*•),  a  laser  evapor¬ 
ation  signal  IS  obtained  everywhere  in  the  glow,  al¬ 
though  nothing  can  then  be  seen  with  the  eye  01  with 
lleNc  lavr  scattering  In  Ihe  latter  case  abundant  for¬ 
mation  of  small  particles  (diameter  rJIOOnm)  takes 
place 

If  ('f  .f  'l  ,  IS  replaced  by  C'Kj  or  CHF,,  no  particle 
formation  is  founev  Apparently  the  presence  of  chlorine 
m  the  feed  gas  riioleculc-s  is  netx’ssary 

Scanning  electron  microscope  (stiM)  pictures  of  the 
surface  of  the  silicon  wafer  show  a  lot  of  hollow,  needle- 
like  structures  [12],  which  show  a  close  resemblance  to 
the  structures  created  on  silicon  wafers  by  micromasking 
in  chlorine  or  H  Hr  discharges  [13].  Mieromasking  is  the 
phenomenon  that  a  very  anisotropic  (and  at  the  same 
time  very  selective)  etching  process  ean  lead  to  needle¬ 
like  structures  if  the  surface  is  contaminated:  the  con¬ 
taminated  spots  locally  block  the  etching.  This  indicates 
that  an  anisotropic  etching  process  (common  to 
CCP^Clj  plasmas)  is  combined  with  some  local  surface 
contamination  (e.g.  oxidation  due  to  residual  water  or 
redeposition  of  sputtered  Al  electrode  material),  which 
initially  locally  inhibits  etching  and  allows  the  creation 
of  a  needle-likc  structure.  After  a  while  the  'mask'  is 
etched  olTby  residual  F  atoms  (they  will  be  present  even 
though  the  surface  of  .Si  subjected  to  C'FjClj  plasmas 
mainly  consists  of  a  SiCI>  reaction  layer  [14]).  The 
silicon  inside  the  needle  is  then  also  etched  away,  and 
the  side  wall  passivation  material  remains  to  form  the 
hollow  needle.  Hollow  structures  like  this  have  recently 
been  prepared  by  a  s'milar  process:  etching  a  patterned 
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Figure  2.  Schematic  view  of  the  experimental  set-up  used  tor  in  situ  infrared 
absorption  spectroscopy  using  tdl  as  welt  as  ftir. 
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Figure  3.  Density  of  negative  chlorine  ions  as  a  function  of 
CFjCI,  admixture.  Plasma  conditions;  200  niTorr,  30  seem 
total  flow,  100  W  RF  power  in  124  mm  diameter  electrode. 

wafer,  removing  the  mask,  and  etching  the  interior 
silicon  away  [15]. 

The  electron  density  and  the  density  of  negative 
chlorine  ions  are  given  as  a  function  of  CK^CIj  admix¬ 
ture  in  figure  3.  The  density  of  negative  fluorine  ions 
appeared  to  be  of  the  order  of  the  electron  density.  The 
density  of  the  larger  negative  ions  CF,CI,  appeared  to 
be  too  low  to  be  measurable  (i.c  much  smaller  than  the 
electron  density).  One  can  sec  that  in  the  range  where 
powd  formation  lakes  place  (3  10“'<i)  the  negative  ion 
concentration  is  roughly  constant.  This  is  not  surprising 
since  a  similar  behaviour  is  seen  for  F  ions  in  a 
CF,  Ar  plasma  (see  figure  4),  although  the  negative  ion 
density  for  CFjClj  is  much  higher  than  for  CF,  this 
leads  us  to  the  conclusion  that  an  analogue  of  the 
abovemenlioned  explanation  for  particle  growth  in 
SiFl4,'Ar  plasmas  (increased  attachment  at  higher  elec¬ 
tron  temperatures  in  order  to  be  able  to  create  more 
negative  ions  al  low  CF^C'lj  admixture),  is  not  valid  for 
these  discharge  conditions. 

In  figures  5(o)  and  .5(/i|  the  attachment  of  ihc  elec¬ 
trons  released  by  pholodetachmcnt  is  shown  for  chlorine 
and  fluorine.  It  is  obvious  that  the  attachmcnl  to  chlor 
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Figure  4.  Density  of  negative  fluorine  ions  as  a  function  of 
CF,  admixture.  Plasma  conditions  200  mTorr,  30  seem  total 
flow.  1 00  W  «F  power  in  1 24  mm  Jiameler  electrode. 
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Figure  5.  Decrease  due  to  attachment  of  me  densi'y  of  the 
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for  (a)  Cl  and  (b)  F  Plasma  conditions  200  mTorr.  30 
seem  total  flow,  1(X)  W  rf  power  in  124  mm  diameter 
eleetrode. 


inc  IS  much  faster;  the  timescales  differ  by  more  than  one 
order  of  magnitude.  I  his  difference  is  also  expected  to 
occur  when  chlorine  or  fluorine  is  incorporated  at  the 
surface  of  a  small  particulate,  alhcit  less  pronounced. 
T  herefore  it  is  probable  that  allachmcnl  of  an  electron 
to  a  particulate  is  more  cffcctiv-r  if  the  particulate  con¬ 
tains  chlorine  This  may  explain  why  abundant  particu- 
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Figure  6.  Infrared  survey  spectrum  of  the  CPpCi^  Ar  plasma. 
The  peaks  associated  iF/ith  the  several  plasma  species  are 
indicated. 
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Flour*  7.  Intensity  of  the  SiF,  absorption  as  a  function  of  the 
Cr,Clj  admixture  ratio.  The  maximum  occurs  at  the 
discharge  conditions  where  generation  of  large  size  powders 
Is  most  abundant. 

late  formation  only  occurs  in  chlorine  containing  plas¬ 
mas. 

Figure  6  shows  an  IR  survey  spectrum  as  measured 
with  the  ITIR.  A  measurement  wi;;i  'plasma  olT  and 
'plasma  on'  is  shown.  It  is  obvious  that  the  CF^CI^ 
absorption  peak  is  reduced  subslanlially  when  the 
plasma  is  switched  on.  This  indicates  that  the  gas  is  very 
effectively  dissociated  and  converted  to  fF^  and  other 
products  like  ('F,C‘I  Also  one  observes  the  extra  peak 
of  SiF4.  created  from  the  etching  of  the  silicon  surface. 
Figure  7  shows  the  Sil  4  peak  intensity  as  a  funciton  of 
the  C'FjClj  admixture.  It  is  remarkable  to  observe  that 
the  SiF4  density  shows  a  maximum  where  also  large 
particles  are  more  abundantly  generated.  The  S1F4  den¬ 
sity  IS  proportional  to  the  number  of  Si  etch  reactions 
which  occur  at  the  wafer  surface  Apparently  the  etching 
of  silicon  plays  an  important  role  in  the  generation  of 
powders 

Figure  H  shows  a  small  part  of  the  absorption 
spectrum  ofC'Fj  radicals  as  measured  with  the  tdl.  The 
first  derivative  of  the  spectrum  is  shown  The  distinctive 
peaks  are  c'-  .rly  recognizable  Separate  measurements 
have  shown  that  there  is  hardly  any  change  of  i  le 
rotational  temperature  when  the  plasma  is  ignited,  o 
the  intensity  of  any  of  the  peaks  may  be  used  to 
calculate  the  density.  Figure  9  shows  the  CFj  density  as 
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FIgur*  8.  The  CF,  density  as  a  function  of  CF,CI,  admixture 
in  argon.  Plasma  conditions:  200  mTorr,  30  seem  total  flow, 
too  W  RF  power  in  124  mm  diameter  electrode. 


a  function  of  CF^CIj  admixture.  In  the  range  where 
powder  generation  takes  place  (low  percentages)  the 
CFj  density  drops  dramatically.  The  drop  is  steeper 
than  one  would  expect  from  the  measured  dissociation 
degrees,  which  arc  obtained  from  IR  spectra  such  as  the 
one  shown  in  figure  6,  and  which  is  reported  elsewhere 
fl6].  This  could  be  related  to  removal  of  CFj  by 
deposition  on  the  particles  suspended  in  the  plasma. 


4.  Conclusions 

Based  on  the  information  given  in  the  previous  section, 
we  suggest  the  following  sequence  for  the  creation  of 
particles  in  the  ('FjClj/Ar/Si  system.  Micromaskit.g  in 
combination  with  anisotropic  etching  creates  needle-like 
structures  with  side  wall  passivation  layers.  After  a  while 
the  mask  is  etched  away  and  the  needles  become  hollow. 
When  they  become  too  long,  they  break  off.  and  elec¬ 
trons  attach  quickly  to  the  Cl  atoms  at  the  surface  of  the 
needle.  The  needles  are  drawn  into  the  glow  by  electro¬ 
static  forces.  In  the  glow  they  are  suspended  and  start  to 
coalesce.  Further  growth  may  then  occur  due  to  deposi¬ 
tion  from  (e  g.  CF'j  )  radicals  in  the  gas  phase. 
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Abstract  After  having  distinguished  five  successive  steps  in  the  temporal 
evolution  of  a  powder-forming  SiH,  radiofrequency  glow  discharge,  we  examine 
the  initial  mechanism  by  which  silicon  clusters  start  growing  up  to  the  point 
where  they  suddenly  aggregate  into  multiply  charged  particles  and  modify  the 
discharge  regime  This  'induction'  period  can  be  much  longer  than  the  diffusion  time 
of  positive  ions  and  neutral  radicals,  which  implies  that  cluster  growth  involves 
negative  lOns  (anions).  We  provide  a  review  of  basic  data  concerning  anions  in  SiH, 
plasmas  and  analyse  mass  spectrometric  data  showing  that  amon  molecule 
reactions  Si,.H,„. ,  -r  SiH,  -•  Si„, ,(-(,,,  ,  +  at  relatively  low  rate  (about  10  '' 
cm“  s  ').  and  fast  exothermic  anion  radical  reactions  Si„H„  t  SiH„,  . 

Sin.  iHm.  m  >„  +  PFIj  at  Laogevin  rates  (about  10  “  cm' s  ').  initiate  clustering  The 
effective  anion  lifetime  involves  a  succession  of  dissociative  attachment  lo  SlH,. 
detachment  or  recombination,  and  attachment  to  neutral  radicals  or  clusters 
competing  with  diffusion  out  of  the  plasma.  Amon  molecule  and  anion  radical  cluster 
reactions  at  Langevin  rates  probably  dominate  the  duster  growth  kinetics  below  100 
Si  atoms  whereas  anion  neutral  and  neutral  neutral  condensation  at  size-scaling 
collision  rates  govern  the  subsequent  homogenous  nucleation  regime.  At  the  end  of 
t’  le  nucleation  period  (up  to  1 0'  Si  atoms)  the  fraction  of  singly  charged  clusters  can 
reach  50"/i..  The  reduction  of  powder  formation  upon  gas  heating  is  attributed  to  a 
decrease  of  the  rate  of  non-dissociative  attachment  to  radicals  and  neutral  clusters. 


List  of  symbols 

Ji  diameter  of  a  cluster  of  i  ato.Tis 
d,  electron  aflinity 

II*  ionization  potential 

effective  attachment  rate  constant  of  electrons 
on  neutral  radicals  or  clusters 
k.^i  attachment  rate  constant  of  electrons  on 

neutral  radicals  or  clusters  of  r  atoms 
kjj  dissociative  attachment  rate  constant  of 

electrons  on  silane  molecules 
Ir^im..  ma.\imum  allachmcnt  rate  constant  of 

electrons  on  a  neutral  cluster  of  i  atoms 
electron  impact  detachment  rate  constant  of 
anions 

electron  impact  detachment  rate  constant  of 
anions  of  i  atoms 

^rjim..  maximum  electron  impact  detachment  rate 
constant  of  an  anion  cluster  of  i  atoms 
k,,  effective  bimolecular  rate  constant  for  the 

reaction  belwcen  neutral  monomers 


k,,  cflcctivc  bimolecular  -ale  constant  for  the 
reaction  between  a  monomer  anion  and  a 
monomer  neutral 

k^  ii  collision  rule  constant  between  neutral 
monomers 

A,  1 1  I.angcvin  collision  rale  between  an  amon 
monomer  and  a  neutral  monomer 
k,j  rate  constant  for  the  reaction  between  neutral 
clusters  of  i  and  /  atoms 

A,,  rale  constant  for  the  reaction  belwcen  an 
anion  of  i  atoms  and  a  neutral  cluster  of  / 
atoms 

mutual  anion  cation  neutralization  rate 
constant 

k^,  mutual  anion  cation  neutralization  rale 
constant  for  an  inion  of  i  atoms 
ill.  I  I  bimolecular  rate  i miMani  (oi  ihc  stabilization 
of  a  (ransieni  iieutial  or  anion  cluster  of  (i  +  /) 
atiinis  hv  sollisioiis  "  ith  ,yas  molecules 
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f,j  size  scaling  factor  for  the  reaction  rate  between 
neutral 

clusters  of  i  and  j  atoms 
size  scaling  factor  the  reaction  rate  between 
an  anion  of  i  atoms  and  a  neutral  cluster  of 
j  atoms 

J,  time-averaged  electron  current  on  the 

electrode 

J  ,  positive  ion  current  on  the  electrode 

amplitude  of  the  rf  current  in  the  discharge 
ni,  mass  of  a  cluster  of  i  atoms 

m,  reduced  mass 

n,  electron  density  in  the  plasma  bulk 

n,.  positive  ion  density  in  the  plasma  bulk 
M,  density  of  neutral  clusters  of  i  atoms 
»,  density  of  amon  clusters  of  i  atoms 
n,  total  density  of  neutral  radicals 

N  gas  density 

/Vp  particle  number  density  In  the  plasma  bulk 
iVp„  initial  panicle  number  density  at  the 
beginning  of  the  aggregation  phase 
P  gas  pressure 

p[„‘,  !■  Stabilization  probabilily  of  a  transient 
neutral  or  anion  cluster  of  (1-171  atoms 
Fp  mean  radius  of  a  particle 

la^  the  RF  voltage  amplitude  between  parallel-plate 
electrodes 

T  translational  tem(icralurc  of  neutral  molecules, 

radicals  and  clusters 

T,  electron  temperature  in  the  plasma  bulk 

7'  ion  tempcratiirc  m  the  plasma  bulk 

/fp  average  negative  charge  number  on  a  particle 

1  symbol  for  the  'wave-riding'  mechanism  of 

election  acceleration  by  the  sheath  and 
corresponding  discharge  regime 
J,  polarizability  of  a  neutral  cluster  of  1  atoms 
P  ratio  of  positive  ion  to  electron  dsmsity  m  the 

plasma  bulk,  P  n,  n, 

V  symbol  for  the  'Joule  heating'  mechanism  of 

electrons  in  the  plasma  bulk  and 
corresponding  discharge  regime 
0,'  fraction  of  singly  charged  anion  clusters  of  1 
atoms 

Tjj  autodetachment  lifetime  of  an  escitc-d  anion 
rill,  ♦ /I  redissocialion  lime  of  a  transient  neutral  or 
anion  cluster  of  (1  +  j)  atoms 


1.  Introduction 

Concern  about  particulate  conlaminalion  in  industrial 
plasma  reactors  used  for  material  processing  by  etching, 
sputtering  or  pf:<  vp  has  triggered  active  research  on  the 
phenomena  assix'iated  with  particle  formation  in  low- 
pressure  glow  discharges.  Up  to  now  most  of  the  experi¬ 
mental  [1  7]  and  Ihcoictical  [k  10]  effort  has  dealt 
with  the  detection  and  dynamics  of  medium  and  large 
size  (  >  10  nm)  particles,  which  arc  cleciroslalically  sus¬ 
pended  in  the  plasma  bulk  and  allect  the  discharge 
behaviour.  However,  the  Initial  mechanism  by  which 


clusters  start  growing  just  after  discharge  ignition  up  to 
(he  point  where  they  suddenly  aggregate  into  multiply 
charged  particles  is  still  obscure. 

The  model  of  Choi  and  Kushner  [11]  offers  a  gen¬ 
eral  framework  of  interpretation  emphasizing  the  role 
of  negative  tons  (anions)  in  enhancing  the  effective 
residence  time  of  small  clusters  up  to  a  critical  size 
at  which  homogeneous  nuclealion  develops.  Neverthe¬ 
less.  there  arc  signiticuni  variations  in  the  detailed 
physico-chemistry  of  cluster  growth  between,  for 
example,  a  sputtering  discharge,  in  which  particles  grow 
from  the  atomic  vapour  sputtered  from  the  walls,  and  a 
chemically  reactive  plasma.  Fortunately.  Hollensicin 
and  co-workers  [12.  I.J]  have  remarkably  illustrated  the 
role  of  molecular  anions  in  powder  forming  SiH^  dis¬ 
charges  by  combining  anion  mass  spectrometry  and 
laser  Mie  scattering 

Here  we  first  present  the  evolution  of  a  powder- 
forming  SiHi  discharge  in  live  steps  from  a  combination 
of  experimental  observations.  Ihcn.  focusing  on  the 
initia,  steps,  wc  analyse  ihc  anion  plusmii  chemistry  and 
propose  some  rclincments  in  modelling  of  cluster  forma¬ 
tion  Next  we  discuss  the  effect  of  temperature  on 
powder  formation  We  finally  evaluate  other  nuclealion 
schemes  of  Si  cliisicrs  in  reactive  plasmas  ihal  have  been 
proposed  reccnlly 


2.  A  flv»>st«p  scartarlo  for  particia  formation  In 
SIH.  discharges 

If  the  Ri  voltage  f,,  or  the  pressure  P  of  a  pure  SiH,  rf 
discharge  are  continuously  increased  al  a  given  tempera¬ 
ture  7.'  Ihcn  a  sudden  change  in  ihe  power  dissipation 
regime  occurs  above  some  critical  values  f,i.(/',  I  )  or 
[14.15]  This  transition  from  collisional 
wavc-riding'  al  Ihe  sheath  boundaries  (z  regime)  to 
Joule  heating’  in  Ihe  plasma  bulk  (referred  to  here  as  the 
,  regime)  is  associated  with  powder  aeeumulalion  in  Ihc 
plasma  enhancing  by  a  facto'  of  10  15  the  electron 
altachmcnl  rale  [  16]  However,  if  one  ignites  a  discharge 
below  these  critical  values.  Ihe  transition  may  bo  delayed 
[I.U  17].  In  figure  I  we  show  the  temporal  cvoiiilion  of 
I,,  and  J,,  (Kt  current)  and  of  Ihc  spalially  'csolved 
optica'  emission  of  Sill*  al  414  nm  in  a  pure  S1H4 
parallel-plate  IV.'ibMH/  discharge  {P  O.l.t  mhar. 
7  ~  200  {'.  about  4()niW  cm  ^)  figure  2  shows  in 
detail  ihc  first  milliscxond,  illuslraling  a  perturbation 
(  F  ,t0”o)  o!  Ihc  RI  averaged  electron  cuircnt  J,  (meas¬ 
ured  using  a  grid  probe  al  the  wall),  whereas  , 

Ihc  ion  current  J  ,  (measured  with  Ihc  same  grid  probe) 
and  the  SiH'  intensily  and  prolilc  remain  steady  within 
5"'o 

Ihcsc  observations,  logciher  with  measurcmenls  of 
ihc  lime  evolution  of  particle  densily  and  size  by  tiol 
Icnslcin  el  ill  [15]  in  very  similar  condilions  (pure  SiHj. 
0  1  mbar,  150  (',  JkmWcm  )  or  Boufcndi  el  nl  [6] 
(SiH4(4'’o)  .Ar).  reveal  live  sueecssivc  slops 
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Flgur*  1.  Development  of  the  transitiot.  towards  powde' 
formation  after  plasma  Ignitlrin  in  a  SIH.  13  56  MH^ 
radiofrequency  discharge  at  0. 1 3  mbar  and  ?00  C 
characterized  by  the  evolution  of  the  spatially  resolved 
optical  emission  of  SiH*  at  414  nm  and  of  the  electrical 
properties.  The  net  radiofrequency  powe.  density  lad  to  the 
discharge  changes  from  30  mW  cm  '  (f<  t,)  to  50  mW  cm  ^ 
(f  >  f,  +  y.  felore  the  transition  the  ion  density  estimated 
from  PIC  modelling  is  n,  »  10'“  cm  “  and  /i  -  n./n,»  15. 


(i)  During  the  first  step  („  (figure  2)  the  fast  electron 
population  is  quickly  established  (in  some  lOps)  and 
docs  not  evolve,  as  revealed  by  the  constancy  of  the 
SiH*  emission  However,  the  perturbation  of  J,.  al¬ 
though  difficult  to  interpret,  reveals  that  the  cold  plasma 
electron  density  /i,  is  affected  within  a  few  milliseconds. 
Verdeyen  ei  al  [18]  made  similar  observations  by  re¬ 
cording  SiH*  emission  and  n,  in  a  SiH^  He  discharge 
and  invoked  enhanced  attachment  to  the  primary  SiH„ 


— 1 — 1  1  1 - 1 - 1 — 
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\  i  h  i  k  i 
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Figure  2.  Initial  evolution  of  \/„ ,  J„  and  radiolrequency- 
averaged  ion  and  electron  currents  J.  and  J,  on  the  wall 
after  plasma  ignition  (same  discharge  conditions  as  in 
figure  1).  All  quantities  are  in  arbitrary  units. 


radicals  during  their  diffusion  to  the  walls.  This  en¬ 
hanced  attachment  is.  however,  much  smaller  than  that 
which  occurs  when  powder  appears  and  docs  not  modify 
significantly  the  «  regime  of  the  discharge. 

(ii)  During  the  second  step  r,,  from  a  fraction  of  a 
second  [6]  to  several  minutes  (40s  here,  as  in  [13])  the 
discharge  remains  in  'he  i  regime  and  no  particles  arc 
yet  detected  by  the  most  sensitive  techniques  (Mie 
scattering,  laser-induced  fluorescence  or  transmission 
electron  microscopy),  but  this  is  the  stage  al  which  Si 
cluster  growth  proceeds. 

(ill)  The  critical  step  of  a  few  seconds  is  ‘he  drastic 
»  -•  transition  in  the  discharge  regime  and  the  con¬ 
comitant  onset  of  monodispersed  particles  whose  den¬ 
sity  Np  drops  by  two  orders  of  magnitude  (from  10’  to 
to’  cm  '  in  range)  while  their  radius  increases  by 
aggregation  of  primary  clusters  (2  5iim)  [6,13],  En¬ 
hanced  allachmcnl  to  multiply  charged  particles  makes 
the  plasma  more  resistive  (E,,  decreases  and  in¬ 
creases)  [14,  16] 

(IV)  During  the  next  long  step  /  ,  after  the  a 
transition  the  discharge  power  dissipation  is  dominated 
by  attachment  to  particles  of  r^,  >  40  nm  [8. 16]  "article 
aggregation  has  stopped.  is  fixed  and  growth  slowly 
continues  by  condensation  of  radicals 

(v)  Eventually,  for  r|,^l00nTTi,  the  increasing 
charge  on  particles  makes  the  plasma  unstable,  which 
leads  to  partial  expulsion  of  particles.  Then  new  gener¬ 
ations  of  particle  generation  take  place  with  dispersed 
particle  sires. 


3.  Anion  plasma  chemistry 

.3.1.  Enthaipks  and  electron  affinities 

Table  I  provides  a  review  of  measured  or  ah  inilio 
computed  enthalpies  of  formation,  ionization  potentials 
(IP)  and  electron  affinities  (4,)  of  Si,H„  sjiccics.  Notice 
the  general  trend  that  4,  increases  with  number  of  Si 
atoms  towards  the  work  function  of  Si  al  4  85eV  even 
though  sonic  local  maxima  appear  at  magic'  numbers. 


.3.2.  Dissociative  attachment  on  silane 

f  rom  dissociative  attachment  cross  sections  for  SiHj 
and  SijH^  [19,  20]  we  derived  rate  constants  by  integra¬ 
tion  over  Maxwclliar  energy  distributions  The  total 
rates  arc  shown  in  figure  3  Eor  7,  =  3cV,  which  is 
typical  of  hulk  SiM^  plasma.  is  al  most  three 

limes  larger  than  Since  the  Si.H^  concentra¬ 

tion  IS  only  a  few  percent,  Ihc  enhanced  altachnienl  after 
discharge  ignition  cannot  be  allrihiocd  to  build  up  of 
higher  order  silanes  Ihc  dominant  primary  anion  is 
•SiH  , ,  with  additional  contribution  of  the  fast  H  reac¬ 
tion  [21] 

H  >  SiH.  -  H,  +  Sill,  (;  =  5«|0  "’cm's 
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Table  1.  Enthalpies  of  formation,  adiabatic  electron  affinities  and  ionization  potentials. 


Species  Si„H„ 

An.M.K  (eV) 

/^(eV) 

IP  (eV) 

H, 

0 

15.427* 

H 

2.259* 

0.7S4* 

13.598* 

SiH, 

O.SSS*" 

<0 

11.00* 

n-2 

SijH, 

0.826* 

<0 

9.74' 

n..-3 

SijH, 

1.281“ 

<0 

9.2* 

n»4 

Si.H.o 

1.746“ 

<0 

9.0* 

SisH,j 

2.21“ 

<0 

8.9* 

SiH, 

2.071“ 

1.406* 

«.01“ 

n-»2 

2.444“ 

*1.45' 

7.60' 

n-SijH, 

2.841“ 

S1.47" 

i-SiaH, 

2,766“ 

5!l.39» 

Si.H, 

3.222“ 

51.49“ 

n=5 

Si>H„ 

3.607“ 

->  1 .52“ 

n-1 

SiH, 

2.872“ 

1.124" 

9.02“ 

n«2 

HjSiSiH 

3.287“ 

3: 1 .30' 

8.40" 

HjSi^  SiHj 

2.911“ 

5:0.9' 

8.09' 

HjSi=SiH 

4.315 

HjSiSi 

4.267” 

1.545' 

7.59' 

HjSi^Si 

4.678“ 

res' 

.Si(H,)Si 

4.146* 

8.20' 

n-^3 

(SiH,)3 

3.7/9“ 

SijHjSiH 

3.717“ 

2638“ 

3.99“ 

HjSiSiSiH 

4.987” 

c-Si(SiH2)2 

4.617“ 

Si„H 

SiH 

3.904“ 

1.277" 

7.91“ 

n=2 

Si,H 

5.608“ 

S1.76",  3=2.0' 

Si(H)Si 

5.153' 

>  1 .286* 

8.10" 

Si„  n-1 

Si 

4.664* 

1.385" 

8.151* 

n-2 

Si, 

6.114* 

2.170"' 

7.94“ 

n  =  3 

Si, 

6.592’ 

2.33" 

8.2* 

n»4 

Si. 

6.98“ 

2.15" 

>7.87” 

Si, 

682“ 

2.7“ 

>7.BT" 

n  =  6 

Si. 

6.38“ 

2.0“ 

>7.87* 

n-7 

Si, 

6.05“ 

1.9“ 

>7.87* 

n«8 

Si, 

8.11“ 

2.5“ 

>6.42  -  7.87* 

n-9 

Sig 

9.67“ 

2.6” 

>6.42-7.87* 

n=10 

8.44“ 

2.4” 

>7  87* 

n-fl 

Si,. 

2.7” 

>6.42-7.87* 

n=12 

Si„ 

2.8’ 

>6.42-7.87* 

n-  jj 

c-Si 

4.85“ 

4.85“ 
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Mean  electron  energy  :  (3/2)  kT,  (eV) 


Figure  3.  Dissociative  attachment  rate  constants  versus 
mean  electron  energy  computed  from  cross  sections  for  SiH< 
from  Haaland  [19)  (broken  line)  and  Srivastava  e/a/(20]  (full 
line)  and  for  SijH,  from  Krishnakumar  el  al  (20)  (Rates 
computed  by  Haaland  were  found  to  be  too  large  by  a 
factor  n.) 


3.3.  Electron  attachment  and  detachment  on  radicals  and 
neutral  clusters 

The  perturbation  of  »i,  after  plasma  ignition  (step  l„) 
suggests  that  electron  an  \chmcnt  on  radicals  takes  place 
in  addition  to  dissocial  e  attachment  to  SiH*  More¬ 
over,  electron  attachment  to  neutral  clusters  is  a  key 
parameter  governing  evolution  towards  nucication  in 
the  model  of  Choi  and  Kushner.  f'ledderman  er  al  [22J 
have  determined  a  lower  bound  of  2.65  x  10 '  "’em’ s  ' 
for  k,  of  monosilicon  radicals  SiH„  in  a  SiH^d  5%) 
He  discharge  afterglow  at  0.4  mbar,  T  =  300K  and 
T,  s  0.05  0.1  eV.  At  such  low  dissociative  attach¬ 
ment  to  radicals  is  excluded  and  the  only  process  is 
three-body  attachment,  requiring  collisionai  stabiliz¬ 
ation  of  the  transient  excited  anion  state  to  compete 
with  autodetachment: 

e-r.SiH, -.SiH„*  --SiH„-i-e 
SiH„*  4-  M  -SiH,  4-  M. 

At  low  pressures  the  cITectivc  bimoiccular  attachment 
rate  k.,  should  be  proportional  to  the  gas  density  A/  and 
to  the  autodetachment  lifetime  r.^  of  the  excited  anion. 
Abundant  results  on  molecular  anions  [23,  24]  show 
that  k,  decreases  as  a  function  of  both  7]  and  T  mostly 
due  to  the  decrease  of  r^j,  as  opposed  to  the  dissociative 
attachment  rate  kj.,  which  increases  with  both  T]  and  7.' 
Our  SiH4  discharge  is  at  lower  pressure,  higher  T  and 
much  higher  T,  than  the  post-discharge  of  FIcddcrman 
el  al.  so  we  could  expect  a  smaller  k,.  However,  SiHj 
is  probably  a  more  efficient  stabilizer  than  He.  To 
explain  the  perturbation  of  J,  in  figure  2  the  attach¬ 
ment  freguency  k^ri,  to  radicals  of  total  density  n, 
should  be  at  least  10%  of  the  dissociative  attach¬ 
ment  frequency  k^./V  on  S1H4.  Since  kj,  s  8  x 
10" '’cm'  s  '  and  n,  N  *  1.5  x  10  '  in  our  condi¬ 
tions,  k.  %  5  X  10  "’cm's  ' 

For  larger  Si,H,  clusters  r.j  is  expected  to  increase 
with  the  number  of  multiple  bonds  [25],  whence  k^ 


should  increase  with  cluster  size.  However,  the  fast 
electron  impact  detachment  rate  k,^  above  A,  also 
increases  with  anion  size.  Upper  limits  scaling  with  the 
number  1  of  atoms  in  large  clusters  are  given  by  the 
electron  collision  rates  obtained  by  integrating  a  Max¬ 
wellian  energy  distribution  up  to  A,  for  k,  and  above  A^ 
for  k,j,  assuming  a  stepwise  cross  section: 


k„m..(cm^s  ')st.7 


X  10^ 


k,4,x...,(cm^  s  ')5:I.7 

xl0-“T,''^,"'(l  4-:^)exp(-^). 


3.4.  Mutual  anion-cation  neutralization 

Hickman  [26]  proposed  an  approximate  formula  for  the 
mutual  anion  cation  neutralization  rate  constant  k,„  as 
a  function  of  the  reduced  mass  m,  and  A,  of  the  parent 
neutral  species  of  the  anion  and  the  ion  temperaure  7] 

kjem’ s  ')  =  S..34  x  I0'’4,  ‘’*m,  '  ^(7',/ 300)  '  ^ 

with  4,  in  electron-volts.  7[  in  kcivins  and  m,  in  atomic 
mass  units. 

Thus  k„  should  slightly  decrease  with  the  number  i 
of  Si  atoms  of  the  anion,  typically  from  k„,|  a  9  x  10  " 
cm’  s  '  to  k„, ,  s  4  X  10  "  cm  '  s  '  for  large  anions 
(.4,  ->4.85eV,  ni,  —  m,)  for  collisions  with  monomeric 
SiFU  cations  at  7]  ■»  T  =  500  K. 

Instead  of  charge  exchange,  Haaland  [19]  invoked 
mutual  anion  cation  association 

Sili;  4-  Si.lU  -Si,,,M,,.,  .,  +  vH 

with  H  or  H  J  elimination  to  release  excess  energy  (about 
5cV  considering  the  IP  and  4,  for  Si,H„  radicals  in  table 
I).  Association  was  also  proposed  for  ion  clusters  in¬ 
volving  polar  molecules  [27].  However,  we  calculated 
that  mutual  association  could  represent  at  must  a  quar¬ 
ter  of  the  contribution  of  anion  radical  and  radical 
radica'  reactions  in  our  discharge  conditions  al  the  early 
stage  of  cluster  growth. 


3.5.  Anion-moittulc  and  anion-radical  reactions 

Mandich  and  Rccnis  [28]  have  dclimtively  excluded 
clustering  by  Si, cation  reactions  on  Sill,  or  Si,H„ 
above  n  --  6  or  7.  Moreover  radical  molecule  chain 
insertion  reactions  of  Sill  ^  in  Sillj.  Si  .H„.  Si  ,11,  and  so 
on  cannot  develop  far  enough  in  our  discharge  condi¬ 
tions.  The  mass  spectrometry  studies  of  Perrin  el  al  [29] 
in  a  low-pressure  (()(XX)13  0013  mbar)  ix  rnullipolc 
discharge  and  of  Howling  ei  al  [12]  in  a  0  1  mbar  Ri 
discharge  showing  that  Si,  11,  anions  polymerize  much 
faster  than  Si, H,;  cations  (figure  4)  suggest  that  anions 
arc  responsible  for  powder  formation,  in  agreement  with 
the  model  of  Choi  and  Kushner 

l.ittle  IS  known  about  anion  reaction  rates  m  SiH, 
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number  ot  Si  atoms 

Figure  4.  Ratio  of  negative  to  positive  ions  as  a  function  of 
number  of  Si  atoms  (normalize  at  rt  -  1 )  measured  by 
mass  spectrometry  in  a  0.013  mbar  multipole  direct  current 
discharge  [29]  (filled  squares)  and  In  a  0.1  mbar 
radiofrequency  discharge  [12]  (open  squares). 


except  upper  limits  of  10'  "  cm'  s  '  for  SiHj  [19] 
and  about  10"  cm'  s''  for  Si,'  and  Si,H'  (n  <  7) 
[29,30],  consistent  with  the  fact  that  H-barc  anions 
have  the  highest  A,  (table  1)  and  have  no  exothermic 
channels  by  which  to  react  with  SiH,.  The  H  atom 


distribution  in  Si,H,;  mass  spectra  of  figure  5  reveals 
different  reaction  pathways  depending  on  discharge  con¬ 
ditions,  although  SiHr  is  the  dominant  primary  anion 
in  both  cases,  in  the  O.I  mbar  rf  discharge  the  main 
pathway  is  obviously 

SiH;-l-SiH*-.SijH, -I-  .2 

SiBH2«+  I  -t- SiH^— »Si,+  iH2(,-,)  +  3-I-(I  'I-j7)H2  q~0, 1 

with  rate  constants  of  the  order  of  10' ''  cm'  s'  '  [13]. 
However,  the  dominance  of  Si,'  and  Si„H  '  in  the  0.013 
mbar  multipole  discharge  can  hardly  be  attributed  to 
reactions  with  SiH«,  as  was  proposed  initially  [29], 
Instead,  exothermic  reactions  at  Langevin  rates  [31]  of 
the  order  of  lO'”  cm'  s''  with  SiH„  radicals  and  H 
atoms  can  explain  the  anion  dehydrogenation: 

SiH  ,  -I- SiH„  -»  Si2H„  + 3  -  2, -1-9112 

Si. H.  -r  SiH,  --  S:. B  ^  2, 1  > „  +  ( I  +  9)H  2 

H4Si,H.  ->Si.H„.,-(-H2. 

Reaction  rates  even  greater  than  Langevin  rates  were 
measured  for  Si,"  on  the  'radical-like'  polar  NOj  mol¬ 
ecule  [32]. 


(u) 


Flgur*  S.  Maas  apectra  ol  and  Si.H,,,  (corrected  lor 
isotopic  scramblirig)  Irom  a  0  0T4  mtiar  muitipole  Oiroci 
current  discharge  [29]  (blacK)  and  from  a  0.1  mbar 
radiofrequency  discharge  |1?j  Igreyl 


4.  Cluster  growth  kinetics 

Choi  and  Kushner  insidered  for  simplicity  that  cluster¬ 
ing  proceeds  via  anion  neutral  and  neutral  neutral 
reactions  involving  only  Si,  and  Si,"  clusters.  They  used 
a  common  rate  constant  for  neutral  neutral  and  anion 
neutral  reactions  scaling  as  a  function  of  the  numbers 
(i,  j)  of  atoms  of  the  partners 

■'  V'[9/<'  +7)]'- 

normali/cd  to  /, ,  =  1 

I  hc  effective  bimolecular  rale  consiu.  '  is  buunded 
by  the  (1,1)  monomer  collision  rule  A,,,  (cm's  ')  = 
2.8  >■  10  “  J{ni|  '  '(7  .300)'  '  where  T  is  in  kelvins  and 
d,  (A)  and  m,  (amu)  are  the  monomer  diameter  and 
mass  A, I  may  also  involve  lermolecular  collisional  sla- 
bihzalion  /„  is  maximized  for  j  «  i  or  J  »  i,  which 
implies  that  large  clusters  preferentially  grow  by  ac¬ 
cretion  of  small  ones,  leading  to  the  homogeneous 
niiclealion  phenomenon.  The  key  parameters  of  the 
model  are  A„,  Ihc  attachment  rale  A,  and  a  minimum 
cluster  si/e  at  which  attachment  lakes  place 

I  Ol  future  relinenieni  of  the  modelling  we  would  like 
to  make  lour  remarks 

(I)  Ion  neutral  collisions  are  governed  by  I  angevin 
dipole- ind  ued  interaction  [31]  so  that  anion  neutral 
and  neutral  neutral  leaclions  should  be  distinguished 
Since  the  |>olari/abililv  ol  the  iieiiiral  partner  is  approxi 
malels  piuporlion.il  to  tis  .uimtx'r  ot  atoms  ihc  tale 
coiisiant  lot  'he  |j,  /I  anion  neulr.il  le.iciion  .h.uild 
st  ale  as 
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Figure  6.  Ratio  of  the  anion  -  neutral  Langevin  rate  nonctant 
and  the  neutral  -  neutral  rate  constant  as  a  function  of  the 
number  /'  of  SI  atoms  In  the  neutral  species  and  for  different 
values  of  the  number  /  of  Si  atoms  in  the  anion  or  neutral 
partner  (T  =  500  K). 


k,-kof>j  f, 

Here  ko  is  bounded  by  the  (1,1)  Langevin  rale 
(cm^s  ')  =  3.3  X  10"’  (ai/m,)'  ’  where  a,  (A^)  is  the 
single-atom  polarizability.  The  ratio  k^lk^  is  plotted  in 
figure  6  as  a  function  of  j  for  different  /,  assuming  no 
need  for  collisional  stabilization,  so  that  k„  =  kc,  s: 
1.3  X  10“ cm’s" '  (T  =  500  K)  and  k^  =  k^, ,  %  1.3  x 
10' ’  cm’  s"'  (a,  *  5  A’).  Small  anions  react  much 
faster  than  small  neutrals  and  are  scavenged  by  large 
neutrals.  The  limit  of  the  Langevin  model  for  a  point 
charge  [31]  is  attained  when  the  Langevin  cross  section 
becomes  smaller  than  the  size-limited  cross  section  of 
the  collision  partners.  In  such  case  a  lower  bound  of  k,j 
is  kjj.  This  limit  would  be  reached  when  kcfn'^ 
namely  when  -hy' ’  S' 2j' ■‘(kc'ii/ftcn)''''. 
Since  {kii  ,/k^, ,)  s:  10  in  our  case,  this  condition  shows 
that  the  Langevin  cross  section  always  dominates  for  a 
small  anion  on  a  large  neutral  (i  « j)  at  least  up  to 
j  <  10’.  For  an  anion  and  a  neutral  )f  the  same  size 
(i  a  j),  the  limit  is  only  reached  for  i  S  10“.  For  a  large 
anion  and  a  small  neutral  (i  » j)  this  would  occur  for 
i  >  250/’'*.  This  means  that  Langevin  reaction  rates 
govern  the  cluster  growth  at  least  up  to  a  few  hundred 
atoms. 

(ii)  If  collision  stabilization  is  needed  kf,  and  ko 
should  also  be  size-dependent.  Since  the  gas  (SiH^)  has 
roughly  the  same  mass  and  polarizability  as  a  single  Si 
atom 


'(l-l-r',7,’*>iui/>'V) 


1,1-1 

♦  y)  -  P-U  *  1 1 7(1  *  n ' 


where  is  the  redissociation  time  and  Pn/lji  the 

stabilization  probability  of  the  transient  (/  -I-  y)  cluster. 
Since  /,  and  pUi  j,  usually  increase  with  the  number 
of  vibrational  degrees  of  freedom,  and  kS  would  also 
be  increasing  functions  of  the  cluster  size. 

fill)  As  discussed  above,  k,  and  k,^  should  increase 
with  cluster  size.  Hickman's  formula  for  can  be  safely 


used  for  singly  charged  anions  up  to  i  %  50(X)  where  the 
(i,  1)  collision-limited  rale  k,,  lakes  over.  The  maximum 
ratio  of  electron-impact  detachment  to  mutual  neutral¬ 
ization  frequencies  k.d,™.ri,/k„,n+  ss cx 
0.025  under  our  conditions  (T,  5:  3eV,  ^  a  15, 
/t,-*4.85cV)  exceeds  1  for  i  >  250,  showing  that  elec¬ 
tron  impact  detachment  can  be  neglected  at  small  sizes 
but  probably  not  for  500  <  i  <  5000,  where  the  anion 
lifetime  would  be  controlled  by  the  balance  between  k.( 
and  kff^j. 

(iv)  'Po  simulate  the  powder  onset  in  a  chemically 
reactive  plasma  (SiH^fTO’/o)  Nj,  P  =  0.26  mbar),  Choi 
and  Kushner  [11]  had  to  choose  k„  =  5.7  x  10“  cm’ 
s“  ‘  (corrected  for  the  4^/2  factor  in  fij),  which  exceeds 
kti,.  This  reveals  the  fact  that  anion  SiH«  and  fast 
anion-  radical  reactions  play  a  leading  role  at  the  early 
stage  of  clustering,  and  that  subsequent  reactions  be¬ 
tween  small  hydrogenated  radicals  or  molecular  anions 
and  large  clusters  do  not  need  collisional  stabilization 
thanks  to  Hj  elimination  to  release  excess  energy. 


5.  From  singly  to  multiply  charged  particles 

After  the  aggregation  phase  big  particles  bear  all  the 
negative  charge  since  (i  increases  from  about  15  to  1(X) 
during  the  »-*>’’  transition  [16]  and  molecular  anions 
have  disappeared  [12,  13].  Their  average  charge  number 
Zj,  ob.ained  from  the  plasma  neutrality:  n+  =  n,  -f 
ZpA/p  is  of  the  order  of  l(X)  during  step  l,  since  is  a 
few  times  10’  cm  ’  [13].  However,  at  the  end  of  the 
clustering  step  t,  before  aggregation,  particles  contain 
less  than  10’  atoms  (r^  s?  5  nm),  and  /Vp  is  a  few  times 
10’  cm"’  [13].  Since  n,  s:  10'"  cm"’  and  /J  ss  15,  at 
this  slajc  Zp  =  1  2.  which  means  either  that  all  clusters 
arc  singly  charged,  or  that  most  of  the  charge  is  still 
born  by  molecular  negative  ions,  or  that  a  small  fraction 
of  clusters  is  multiply  charged.  The  latter  hypothesis 
would  explain  the  sudden  triggering  of  aggregation  but 
is  unlikely  during  the  preceding  nucleation  sequence  in 
which  only  singly  charged  anions  are  stable  enough  to 
survive  electron  impact  detachment. 

A  simple  calculation  can  be  made  for  'he 
homogenous  nucleation  regime,  which  develops  for  clus¬ 
ters  of  more  than  several  1(X)  atoms  in  which  there 
remain  only  small  anions  and  radicals  and  nionodisper- 
sed  anion  or  neutral  clusters  [II].  For  simplicity  we 
only  consider  a  monomer  anion  density  n,  and  /-cluster 
densities  n~  +  n,  =  N^o  where  is  the  initial  particle 
density  al  the  very  beginning  of  the  aggregation  phase 
r  J.  Then  the  sleady-siaie  charged  density  of  clusters  at  a 
given  average  size  is  given  by  the  balance  ,  )ualion 

I’rrr 

-pY  +  ki/t,  )n,  -  (k^jHf  +  k,jiH,)ni  0 

with  the  additional  plasma  neutrality  condition  = 
«,  +  Mi  +rii  =^'i.  From  this  equation  we  derive  the 
cluster  charged  fraction  Of  =ni'/N„o  for  5(X)</<I0* 
(Zp  4  nm)  under  our  SiHp  discharge  condition  P  = 
0.13  mbar,  7' --  500  K,  n.  =  iO'"  cm  ’,  p  ^ 
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number  of  Si  atoms 

Figure  7.  Charged  fraction  of  large  clusters  In  the 
homogeneous  nucleation  regime  for  two  hypotheses 
concerning  electron  attachment  and  detachment  rates  (see 
text). 


/Vpo  s;  5  X  lO’  cm  with  =  4  x  10  *  cm^  s  '  and 
2.3  x  10'"/^^  cm'  s'.  Two 
extreme  hypotheses  are  made  for  i£„  and  k.a,:  (i)  low 
attachment  rate  on  dusters,  A;„,  =  3  x  10“ 

cm'  s"'  and  fc.j,  =  0  as  in  the  model  of  Choi  and 
Kushner;  and  (ii)  maximum  attachment  and  detach¬ 
ment  rates,  /t,i  =  s;  1.4  x  10' “ '  cm*  s"'  and 
’r  1-5  X  10'“/"'  cm's' '  for  T,  a;  3cV  and 
d,  =  4.85cV.  Figure  7  shows  that  0,"  increases  with 
average  cluster  size  during  nucleation,  being  larger  when 
maximum  attachment  and  detachment  ra'cs  are  as- 
SUmedi  Ot  "f-  f^edimai)  ^  0.5.  I  hC  total 

fraction  of  negative  charge  of  the  plasma  born  by 
monomer  anions  remains  larger  than  60%, 


6.  The  influence  of  gas  temperature 

Increasing  the  gas  temperature  reduces  particle  forma¬ 
tion  in  SiHa  discharges  [5,6].  This  cannot  be  simply 
attributed  to  thermophorcsis  [7],  nor  to  a  decrease  in 
gas  density  when  working  at  constant  P  =  /VA„T  Thus 
a  close  examination  of  the  'emperature  dependent  rates 
of  cluster  growth  kinetics  at  constant  N  is  necessary. 

Fast  electron  impact  dissociation  of  SiH*  into  SiH„ 
radicals  is  not  affected  by  T  but  the  diffusion  rates  of 
these  primary  radicals  and  of  all  neutral  clusters  to  the 
walls  are  proportional  to  /V"'T'  Nevertheless,  this 
should  not  affect  the  rate  of  condensation  of  SiH„ 
monomers  on  neutral  /-clusters,  k|,[SiH„],  since 

X  T'  "  whereas  [SiH.J  x  T''  '.  However,  radical 
SiH*  reactions  can  be  thermally  activated.  We  have 
recently  demonstrated  [33]  that  the  increase  of  the 
a-Si:H  deposition  rate  between  100  and  250  C  in  a 
powder-free  low  pressure  SiH4  discharge  at  constant  N 
and  power  density  could  be  attributed  to  the  thermally 
activated  insertion  reaction  of  H  in  SiH*  enhancing  the 
yield  of  SiH^  radicals.  On  the  other  hand,  we  also 
observed  by  mass  spectrometry  a  decrease  in  the  yield 
of  higher  order  silanes  (.Si^Hp  and  SijH,,),  which  sug¬ 
gests  that  the  chain  propagating  sequence  SiHj  + 
Si,  Hj,4  2 -h  M -•  Si. ,  iHji,  ♦  i|»  2 -i- M  is  hindered  by 


Figure  8.  Perturbation  of  the  radlofrequency-averaged 
electron  current  at  the  wall,  J„  after  plasma  ignition  at  two 
gas  temperatures,  keeping  a  constant  gas  density 
W  =  2  X 1 0'“  cm  '  (0. 1 3  mbar  at  200  °C)  and  the  same 
electrical  parameters  as  In  figure  1 . 


thermally  activated  reverse  decomposition  of  large 
silanes.  Nevertheless,  these  opposite  trends  cannot  ac¬ 
count  for  the  tcmperaturc-dcpcndencc  of  cluster  forma¬ 
tion,  which  should  be  considered  in  terms  of  the  anion 
physico-chemistry. 

The  decrease  of  the  mutual  neutralization  rate  as 
k^  'X  Tr'  ‘  *  7-1/2  could  reduce  clustering  via  asso¬ 
ciative  anion  cation  reactions  but  we  have  shown  that 
this  contributes  at  most  one  quarter  of  small  cluster 
growth.  On  the  other  hand,  decreasing  increases  the 
anion  lifetime,  which  should  favour  nucleation,  in  con¬ 
tradiction  with  observation. 

Temperature  should  enhance  the  dissociative  attach¬ 
ment  rate  kj,  to  SiHj  and  thus  the  yield  of  primary 
SiH.[  anions  but  strongtly  reduce  the  non-dissociativc 
attachment  k,  to  radicals  and  small  clusters  due  to 
decrease  of  the  autodctachment  lifetime  r,‘d  [23, 24], 
Howling  el  ul  [12]  observed  an  increase  of  the  llux  of 
molecular  anions  when  heating  the  electrode,  which  is 
compatible  with  an  increase  of  k^,  and  a  brake  upon 
nucleation  by  a  decrease  of  k„.  Since  we  attributed  to 
attachment  to  radicals  the  perturbation  of  J,  at  the  first 
step  r„  after  plasma  ignition  (figure  2),  we  repeated  the 
experiment  at  two  gas  temperatures  and  the  same  SiH4 
density.  Figure  8  shows  that  the  amplitude  of  the  pertur¬ 
bation  is  larger  at  25  C  than  at  200  C,  which  tends  to 
confirm  that  a  decrease  of  k^  might  cause  a  reduction  of 
powder  formation. 


7.  Evaluation  of  other  cluster  nucleation  schemes 

Three  other  cluster  nucleation  schemes  not  based  on 
anion  plasma  chemistry  have  been  proposed  during  the 
last  few  years, 

Anderson  ei  ul  [.34]  have  studied  the  formation  of 
silicon  nitride  particles  from  SiH4  NH,  discharges. 
They  first  analysed  the  possibility  of  gas-phase  nu¬ 
cleation  from  radical  molecule  reactions  or  cation 
molecule  reactions  and  argued  that  gas-phase  mechan¬ 
isms  cannot  account  lor  their  exf^ierimrntal  observations. 
However,  they  have  forgotten  to  examine  nucleation 
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from  anion  plasma  chemistry,  which  can  apply  to  their 
case.  Then  they  proposed  a  mechanism  in  which  particle 
nucleation  is  induced  by  sputtering  of  silicon  nitride 
clusters  from  the  deposited  film  on  the  wall.  Although 
this  mechanism  is  likely  to  occur  in  high-power  dis¬ 
charges.  in  which  large  sheath  electric  fields  can  develop 
on  the  cathode,  it  can  be  certainly  rejected  in  our  case 
and  in  the  experiments  by  Hollenstein  et  al  and 
Boufendi  et  al  since  we  could  obtain  excellent  reproduc¬ 
ibility  of  temporal  evolution  of  discharge  proijerties  and 
particle  formation  when  igniting  the  discharge  on  clean 
reactor  walls  or  after  thin  film  deposition  under  various 
conditions. 

Mandich  and  Reents  [3S]  have  shown  that  the 
addition  of  a  few  mole  percent  of  water  vapour  to  SiH* 
can  lead  to  cluster  growth  of  apparently  unlimited  size 
by  cation  molecule  reactions.  However,  the  waier  con¬ 
tamination  in  our  PECVD  reactors  has  been  checked  by 
mass  spectrometry  and  remains  well  below  0.1%. 

Veprek  et  ai  [36]  have  recently  argued  that  the 
mechanism  of  cluster  formation  cannot  proceed  from 
anion  reactions  but  rather  from  SiH;  radical  insertion 
reactions  leading  to  the  building  up  of  large  polysilanes. 
We  reject  their  conclusions  for  several  reasons.  First,  the 
authors  underline  that  the  rate  of  primary  anion  produc¬ 
tion  by  dissociative  attachment  to  SiH^  is  too  low  but 
they  forget  that  anions  arc  trapped  in  the  plasma  and 
therefore  have  a  much  longer  residence  time  than  ca¬ 
tions  or  neutrals.  Moreover,  we  have  here  emphasized 
the  role  of  non-dissociative  attachment  to  radicals  or 
neutral  clusters.  Secondly,  they  have  misunderstood  the 
apparent  anticorrelation  between  negative  ion  detection 
and  powder  accumulation  in  the  plasma  reported  by 
Howling  et  al  in  square-wave  modulated  discharges 
[12,  13],  Thirdly,  the  SiH;-insertion  reaction  scheme 
proposed  by  Veprek  el  al  starts  from  the  hypothesis  that 
the  dominant  SiH^  dissociation  pathway  by  electron 
impact  is  a  plasma-induced  pyrolysis  of  the  molecule  by 
vibrational  excitation: 

e  +  SiH4  -»  SiH^tv)  -*  SiHj  +  H^. 

Unfortunately  this  dissociation  mechanism  has  not  re¬ 
ceived  any  theoretical  justification,  contrary  to  what  the 
authors  claim  on  the  basis  of  their  previous  work.  As  a 
matter  of  fact,  modelling  and  diagnostics  of  power 
dissipation  in  SiH4  discharges  [37]  show  that  the  ro- 
translational  and  vibrational  temperatures  attained  by 
SiH4  molecules  remain  much  too  low  to  induce  significant 
gas-phase  pyrolytic  dissociation.  Most  research  groups 
involved  in  SiH4  plasma  chemistry  diagnostic  and 
modelling  studies  now  agree  that  the  dominant  Sillj 
electron-impact  dissociation  mechanism  is  dissociative 
electronic  excitation  leading  to  fragmcnt.ilion  into  SiH  „ 
SiHj,  SiH  and  H  atoms,  and  that  a-Si:H  deposition  Is 
mostly  due  to  radical  chemisorption,  SiH,  being  the 
dominant  species  under  moderate  pressure  conditions 
(about  0.1  mbar)  [38  41]  Finally,  the  correlation  be¬ 
tween  a  drop  in  polysilane  densities  and  onset  of  powder 
formation  that  is  the  basis  of  the  argument  of  Veprek  elal 
IS  not  verified  in  experiments  conducted  at  constant 


pressure  and  constant  power  density  under  square-wave 
modulation  in  re  discharges.  Moreover,  only  anion- 
assisted  nucleation  mechanism  according  to  the  model  of 
Choi  and  Kushner  complemented  by  the  present  analysis 
of  anion  cluster  chemical  kinetics  can  explain  the  temporal 
evolution  of  cluster  formation  over  several  tens  of  seconds. 
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Abstract  The  grow'h  of  particle  size  has  been  measured  in  a  low-pressure 
argon  silane  plasma  using  high-resolution  transmission  electronic  microscopy.  The 
results  show  that  formation  and  growth  of  dust  particles  is  an  homogeneous  process; 
the  first  generation  size  distribution  is  monodispersed;  and  the  growth  kinetics 
reveals  a  three-step  process  from  molecular  ions  to  large  particles.  Together  with 
measurements  of  particle  concentration  obtained  by  laser  light  scattering,  these 
measurements  give  a  clear  indication  that  the  growth  proceeds  through  three 
successive  steps;  (i)  ‘rapid’  formation  of  crystalline  clusters  (as  shown  by  dark-field 
high-resolutlon  transmission  electron  microscopy)  with  concentrations  of  up  to 
lO'^cm  (ii)  formation  of  aggregates,  of  diameters  up  to  50nm,  by  coagulation 
(during  coagulation  l^e  particle  concentration  decreases  dramatically):  and  (iii) 
growth  of  the  particles  with  a  constant  concentration  by  surface  deposition  of  SiH, 
radicals,  whilst  the  numerical  density  remains  constant.  Laser-induced  particle 
explosive  evaporation  has  been  performed  using  a  XeCI  (308 nm)  laser.  This 
experiment  allr  wed  detection  of  na.nocrystallitos  and  also  the  beginning  of  their 
coagulation  and  gave  clear  evidence  of  the  temperature  effect  on  particle  formation. 


1.  Introduction 

Particles  occurring  in  low-pressure  discharges  used  in 
semiconductor  manufacturing  are  considered  as  an  im¬ 
portant  source  of  device  contamination  [1].  They  have 
been  observed  in  practically  all  plasmas  used  for  etching 
[2, 3],  deposition  [1,4,  5]  and  sputtering  [6  Kj.  Further¬ 
more,  much  elTorl  has  been  devoted  to  production  of 
materials  based  on  plasma-synthesized  nanoscale  par¬ 
ticles  [9],  In  tills  conlribufion  we  focus  our  interest  on 
particle  nucleation  and  growth  These  two  aspects  .ire 
important,  in  terms  of  both  fundamental  knowledge  and 
potential  applications 

Many  workers  have  measured  panicle  sizes  in  the 
range  10  lOOOnm  [1  6.  10,  11]  Two  experimental 
techniques  have  been  used:  in  situ  laser  light  scattering 
(t.i.s)  and  ex  siru  transmission  electron  microscopy  (ti:m) 
[12].  However,  for  scattering  measurements,  when  the 
particle  radius  is  srrialler  than  the  wavelength  of  the 
incident  light  /,  the  scattered  intensity  is  proportional  to 
(J?'’  /.‘);  hence  this  method  is  extremely  sensitive  to  any 
large  panicles.  Therefore  care  is  required  if  a  polydis- 
(icrsc  distribution,  as  obseived  in  this  work,  is  present 
In  previous  work  particle  sizes  were  estimated  from 
photomicrographs  of  particles  collected  at  surfaces 
placed  in  the  discharge  [13].  This  mcihod  indicates  the 
range  of  particle  sizes  but  doc;;  not  provide  time-resol¬ 
ved  information  on  formation  and  growth  kinetics.  In 
this  report  we  present  results  on  particle  size  and  con¬ 
centration  kinetics  in  the  preliminary  step  of  formation. 


The  measurements  were  carried  out  on  particles  pro¬ 
duced  in  a  low-pressure  argon  silane  rf  discharge  and 
performed  by  time-resolved  statistical  Tt;M  analysis. 

The  ((?•’  z*)  law  (Rayleigh  scattering),  in  the  small 
particle  size  domain,  leads  to  a  size  limitation  of  scatter¬ 
ing  as  a  diagnostic  technique.  For  example,  using  the 
blue  (188  nm)  line  of  the  Ar*  laser,  the  scattered  inten¬ 
sity  becomes  observable  at  about  2s,  At  this  time,  as  we 
shall  see,  the  particle  mean  size  (diameter)  is  about 
20 nm.  Clearly  the  I  ts  method  is  not  sufTiciently  sensitive 
to  -Jctcct  2  nm  iianocrystals.  We  also  present  results 
obtained  by  laser-induced  particle  explosive  evaporation 
(LiPil  )  [IS],  This  technique  can  provide  useful  informa¬ 
tion  on  the  first  step  of  particle  growth. 


2.  Experimental  set-up 

The  experimental  set-up  lias  been  described  previously 
[4],  The  Ri  discharge  is  produced  in  a  earthed  cylindri¬ 
cal  box  (13cm  inner  diameter)  equipped  with  a  shower 
type  Ri -powered  electrode.  A  grid  is  used  as  the  bottom 
of  the  chamber  to  allow  vertical  laminar  flow  in  the 
discharge  box  The  discharge  structure  is  surrounded  by 
a  cylindrical  oven.  T  he  gas  temperature  can  be  varied 
from  room  temperature  up  to  2(X)  C  and  is  measuied  in 
the  gas  How  below  the  discharge  box  by  a  thermoconple. 
Three  vertical  slits  (2mm  width.  4'.m  height)  allow 
optical  access  ti'  the  plasma  at  0  ,  91)  and  180  around 
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the  chamber.  The  whole  systm  is  enclosed  In  a  vacuum 
vessel  of  30  cm  height  and  inner  diameter.  Three  optical 
viewports  on  the  vacuum  vessel  (5  cm  in  diameter  and 
90°  apart)  are  aligned  with  the  observation  slits. 

For  the  tdm  size  measurements  we  use  a  particle 
collection  device,  which  is  a  rotatable  multigrid  holder 
[14].  An  aluminium  conical  tube  with  a  3  mm  diameter 
hole  (collection  hole)  on  its  upper  surface  covers  the 
holder.  The  electron  microscopy  grid,  in  front  of  the 
collection  hole,  can  collect  particles  swept  down  by  the 
gas  flow  when  the  rf  power  is  switched  off.  The  grids  are 
observed  using  JEOLIOOCX  or  Philips  CM20  micro¬ 
scopes.  Statistical  analyses  of  the  particle  sizes  are  per¬ 
formed  on  these  micrographs  for  given  experimental 
conditions  (gas  flow,  plasma  duration  and  so  on). 

The  LIPEE  experiment  is  described  in  detail  elsewhere 
[!5].  It  was  performed  using  an  XeCI  laser  (Lambda 
Physik  EMGIOOMCS).  The  beam  is  focused  in  the 
discharge  box  through  a  window  and  the  fluorescence 
signal  is  viewed  at  90"  to  the  laser  beam  through  the 
access  slits  by  either  a  photomultiplier  tube  (pmt  RCA 
7265  with  a  SI  photocathode)  or  an  optical  multichan¬ 
nel  analyser  (oma)  (EG&G  uma  III  model  1460)  with  a 
signal  intensifier. 

Throughout  this  work  the  experimental  conditions 
were:  argon  flow  .30  seem,  silane  flow  1.2  seem,  total 
pretsure  117mTorr,  RF  power  lOW  corresponding  to 
600  V  (peak  to  peak)  and  ambient  temperature. 


3.  Results  and  discussion 


3.1.  Size  kinetics 

Figure  1  shows  the  time  evolution  of  the  mean  particle 
size  for  plasma  durations  in  the  range  0.5  300s.  In 
figure  1  we  also  present  the  standard  deviation  of  the 
measured  size  distribution.  Up  to  30s,  a  monodispcrscd 
distribution  is  obtained  with  small  and  constant  disper¬ 
sion  as  shown  in  figure  2.  For  long  plasma  durations 
(>30s)  we  can  observe  the  occurrence  of  several  well- 
defined  particle  sizes,  corresponding  to  successive  (in 
time)  particle  generations  (figure  3).  In  the  following,  we 
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Figure  2.  Histogram  of  the  sizes  of  particles  collected  from 
plasmas  of  25  s  duration. 


Particle  size  (nm) 


Figure  3.  Histogram  of  the  sizes  of  particles  collected  at 
60s. 


will  describe  results  obtained  in  the  early  initial  part  of 
these  size  kinetics  (f  $  30s). 

The  evolution  of  particle  sizes  and  concentration  as 
generated  for  plasma  durations  from  I  to  .30s  is  illus¬ 
trated  in  figure  4.  The  first  result  is  the  observation  of 
two  well-defined  phases.  The  first  phase  corresponds  to 
rapid  increase  in  particle  size  (lOnms  ')  and  sharp 
decrease  in  concentration.  In  the  second  phase  the 
concentration  stays  constant  while  the  growth  rate  slows 
down  to  2nms  '.  From  these  results  we  deduce  the 
total  mass  ^aR'A/pp  representing  the  particles  present  in 
the  discharge  for  this  period.  As  shown  in  figure  5.  where 
we  have  assumed  a  constant  specific  mass  p,  this  uuan- 


Flgun  1.  Time  evolution  of  particle  size  over  the  time  scale  Figure  4.  Time  evolution  of  particle  sizes  (  *  ),  concentration 

0.5  300s  (  X  ,  mean  size;  fx). standard  deviation).  (■)  and  standard  deviation  (|x|)  up  to  30s. 
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FIgura  5.  Time  evolution  of  the  total  mass  of  particles 
present  In  the  plasma. 


tity  is  almost  constant  in  the  first  phase  and  slowly 
increasing  in  the  second  one.  This  situation  suggests 
that,  in  the  first  phase,  the  particle  size  growth  is  due  to 
an  agglomeration  (coalescence)  phenomenon,  while  in 
the  second  phase,  it  is  due  to  a  surface  deposition  (SiH, 
species)  process  on  independent  particles. 

These  results  are  confirmed  by  the  morphology  of 
the  particles,  as  observed  by  hrtem  [16].  The  successive 
steps  of  agglomeration  are  clearly  seen  for  the  small 


(«) 


FIgur*  S.  (a)  Transmission  electron  micrograph  of  particles 
formed  In  a  ^asma  of  5  s  duration.  The  particle  mean 
diameter  here  Is  45  nm.  (h)  Transmission  electron 
micrograph  of  a  particle  formed  after  a  plasma  of  30  s 
duration.  Its  diameter  is  about  100  nm. 


particles  {R  <  25  nm)  (figure  6(a))  while  the  ‘big'  ones 
(R  >  SOntn)  have  a  spherical  shape  with  moss  surface 
(figure  6(6)). 

Detailed  inspection  of  the  tem  micrographs  of  small 
particles  (20-40  nm)  reveals  the  presence  of  crystalline 
substructures  of  small  size  (2  nm).  In  order  to  investigate 
these  structures  they  wer,e  examined  using  both  electron 
diffraction  (figure  7)  and  dark-field  tem  micrography 
[16].  This  confirmed  that  the  particulate  material,  at  this 
size  scale,  has  a  nanocrystalline  structure,  revealed  by 
the  diffraction  patterns  and  dense  distribution  of  bright 
points  in  the  micrographs.  These  nanocrystallites  have  a 
well-defined  size  (2nm)  and  must  be  formed  in  the  few 
first  milliseconds  of  the  discharge,  as  will  be  explained 
below. 

In  the  previous  experiment,  the  tem  grids  were 
always  placed  2  cm  from  the  axis  of  the  reactor,  while 
the  LLS  measurements  were  performed  in  the  centre  of 
the  reactor.  As  previous  work  had  shown  the  possibility 
of  spatial  segregation  [10, 17]  of  part'"'cs  as  a  function 
of  their  size,  we  studied  the  radial  variu.ions  of  particle 
size  distribution,  collecting  particles  coming  from  19 
different  radial  positions  using  a  linear  grid  holder. 
Figure  8  presents  the  mean  size  of  the  three  generations 
of  particles  as  obtained  for  long  plasma  duration  (60s. 
see  figure  3).  A  small  radial  segregation  effect  is  only 
visible  for  the  largest  sized  particles  whose  growth  starts 
at  /  =  0  (first  generation).  This  result  shows  that  particle 
growth  is  radially  uniform.  The  Li.s  measurements  per¬ 
formed  between  the  two  electrodes  along  the  reactor 
axis  show  that  the  particle  distribution  is  almost  uni¬ 
form  [4],  So  under  our  conditions,  the  formation  and 
growth  of  particles  is  a  homogeneous  process  in  the 
whole  volume  of  the  plasma. 


FIgura  7.  Electron  diffraction  pattern  from  particles  of  <0  nm 
size. 
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Radial  position  (mm) 

Figure  8.  Radial  distribution  of  the  mean  size  of  particles 
collected  at  60s  ( x ,  first  generation;  ■,  second  generation; 
and  |x].  third  generation). 


recorded,  appears  to  be  a  powerful  way  to  detect  these 
very  small  entities. 

To  perform  the  lipee  experiment  we  used  the  set-up 
represented  in  figure  9.  The  energy  of  the  XeCI  laser 
pulse  (/i  =  308 nm,  lOns  pulse)  in  the  focal  region  is 
2SmJ.  The  spot  area  has  been  evaluated  to  be  about 
l.25mm^.  The  particles  formed  during  a  given  plasma 
duration  are  irradiated  Sms  after  the  extinction  of  the 
plasma.  All  the  particles  localized  in  the  focal  region  are 
completely  evaporated. 

The  hot  vapour  produced  by  the  high  power  of  the 
pulsed  XeCI  laser  is  already  ionized  when  ejected.  This 
plasma  is  characterized  bv  atomic  and  ion  line  emission 
and  also  by  continuum  emission  due  to  recombination 
and  the  Bremsstrahlung  effect.  Electron  -  neutral  species 
and  electron  ion  Bremsstrahlung  is  important  during 


RF  discharge  box 


Figure  9.  Schematic  description  of  the  laser-induced  particle  explosive  evaporation 


experimental  set-up. 

It  is  interesting  to  point  out  that  the  growth  phe¬ 
nomenon.  as  observed  in  this  work  in  a  three-dimen¬ 
sional  system,  exhibits  the  same  statistical  evolution  as 
the  ‘breath  figures'  formed  when  water  vapour  con¬ 
denses  on  a  cold  surface  [18], 

3.2.  Particle  detection 

Particles  appearing  in  plasma  processing  devices,  or 
laboratory  plasmas,  arc  In  general  detected  by  light 
scattering.  This  method  has  clear  limitations  in  terms  of 
particle  size.  As  reported  above  the  smallest  observable 
size,  in  our  conditions,  have  diameter  of  about  20  nm  for 
the  Ar*  line  (488nm)  while  for  the  647 nm  Kr’  laser 
this  limit  Is  about  60 nm.  The  in  tiiu  detection  of  the 
primary  crystallites  of  2  nm  diameter  is  not  possible  with 
these  lasers 

The  LIPEE  experiment  where  the  light  emission  in¬ 
duced  by  a  XeCI  excimer  laser  (power  200  M  W  cm  ’)  is 


35C  400  450  500  550  GOO  650  700 

Wavelength  (nm) 

Figure  10.  Laser-induced  particle  explosive  evaporation 
spectrum  obtained  (or  particles  (ormed  in  a  30  s  duration 
plasma. 
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FIgura  11.  Typical  laser-induced  particle  explosive 
evaporation  signals. 


PLASMA  DURATION  (ms) 

Figure  13.  Temperature  effects  on  particle  formation. 


the  laser  pulse,  when  the  electronic  density  is  high. 
Figure  10  shows  the  lipee  spectrum  obtained  with 
particles  formed  after  a  plasma  of  30  s  duration,  re¬ 
corded  using  a  spectrometer  of  0.4  nm  resolution 
(Jobin-Yvon  UFS  2(X))  and  the  oma.  The  integration 
time  is  100  ns. 

Typical  signals  of  light  emission  recorded  with  ^  pmt 
are  shown  in  figure  1 1,  for  different  plasma  durations. 


PLASMA  DURATION  (mi) 


PLASMA  DURATION  (mi) 


FIgur*  12.  (a)  Time  evolution  of  signal  intensity  over  short 
plasma  durations.  (D)  Time  evolution  of  signal  intensity  up  to 
30  s  pibsma  duration 


The  time  evolutions  of  the  intensity  of  these  light 
pulses  are  shown  in  figure  12.  Figure  I2{a)  shows  the 
evolution  of  the  signal  corresponding  to  short  plasma 
durations.  Two  well-defined  phases  arc  observable.  The 
first  corresponds  to  the  crystallites,  which  occur  rapidly 
(within  a  few  milliseconds)  when  the  discharge  is 
switched  on.  The  fast  increase,  observed  here  at  about 
ISOnis,  corresponds  to  the  beginning  of  the  coalescence 
step.  Figure  I2(f>)  shows  this  evolution  up  to  30s. 

To  be  trapped  in  the  plasma,  the  crystallites  must  be 
negatively  charged.  This  charge  may  come  from  hydro¬ 
genated  silicon  negative  ions,  which  arc  suspected  to  be 
the  precursors  of  these  particles  [19].  These  nanocrys- 
tallitc  particles  have  no  elTcc!  on  ihc  plasma  properties 
[20].  Their  effects  begin  al  about  400ms,  when  Ihe 
particle  size  is  about  5  nm. 

The  effect  of  icmpcraiurc  on  particle  formation  has 
been  studied.  Figure  13  shows  Ihe  lime  evolulion  of 
LIPEE  signal  iniensily  for  dilfereni  lempcralures.  The 
mosi  imporlani  conclusion  lhal  we  can  formulaic  is  lhal 
higher  lempcralures  delay  Ihe  appearance  of  cryslalliles; 
bul  when  Ihey  do  appear,  ihey  grow  as  explained  above. 


4.  Conclusion 

We  have  presented  measuremenis  of  panicle  growth. 
Particle  formation  follows  three  well-defined  steps.  The 
initial  step  corresponds  to  formation  of  crystallites 
(2nm)  followed  by  coagulation  leading  to  small  panicles 
(about  50 nm)  lhal  become  increasingly  negatively 
ch.irged,  which  then  grow  by  surface  deposition  pro¬ 
cesses  on  independent  particles.  The  first  step  nas  been 
clearly  seen  by  excimer  laser-induced  lluoreseence  per- 
forme  on  Ihe  panicles  As  yet  the  coalescence  mechan¬ 
isms  are  not  understood. 

It  is  well  known  lhal  panicles  can  strongly  iulluence 
discharge  properties  but  the  most  imporlani  informa¬ 
tion  lhal  we  gel  through  both  spectroscopic  investiga¬ 
tions  and  LIPEE  IS  that  the  beginning  of  these  effects 
occurs  only  once  the  cryslalliles  have  aggregated  to  form 
panicles  whose  sizes  arc  >  6nm. 
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Abstract  The  production,  suspension  and  transport  of  fluorocarbon  particulates  in 
capacitively  coupled  radiofrequency  discharges  are  studied  using  in  situ  laser  light 
scattering  and  ex  situ  chemical  analysis.  The  time  evolution  of  the  spatial  distribution 
of  suspended  particles  is  obtained  by  two-dimensional  imaging  of  the  scattered  light. 
The  chemistry  of  the  discharge  is  varied  by  use  of  a  range  of  pure  fluorocarbon  gases 
and  mixtures  with  argon,  oxygen  and  hydrogen-containing  molecules.  Addition  of 
hydrogen  to  a  fluorocarbon  discharge  increases  the  rate  of  formation  of  particles 
although  these  powders  are  found  by  Fourier  transform  infrared  measurements  to 
contain  negligible  amounts  of  hydrogen.  Particle  formation  rates  correlate  with 
polymer  deposition  rates  and  are  independent  of  apparatus  history.  It  is  proposed 
that  this  is  a  clear  example  of  gas  phase  rather  than  surface  processes  leading  to 
particle  nucleation  and  growth. 


1.  Introduction 

Fluorocarbon  plasmas  find  widespread  application  In 
industrial  manufacturing,  particularly  in  microelec¬ 
tronics.  Many  plasma  etching  formulae  for  silicon  or  its 
compounds  call  for  use  of  CF4,  C^Fj  or  CHFj  alone  or 
as  a  component  of  a  gas  mixture  [1].  Unsaturated  or 
aromatic  fluorocarbons,  such  as  CjF^  and  CjFjfCF  jj. 
are  used  for  thin  film  deposition  in  a  range  of  applica¬ 
tions  such  as  chemically  resistant  barriers,  mould  release 
and  dry  lubricants  [2J.  Plasma-polymerized  CjF4  is 
used  to  fabricate  fibre-optic-based  chemical  sensors 
[3,4],  For  most  of  these  applications,  formation  of 
particulates  is  undesirable  or  unacceptable. 

The  chemistry  of  plasma  deposition  of  fluorocarbon 
films  from  C2F4  has  been  the  subject  of  much  study  [5], 
although  the  details  of  the  mechanism  arc  not  yet 
known  at  the  molecular  level.  Much  less  has  been 
reported  on  fluorocarbon  [larticulatc  formation.  In  an 
early  study  by  Liepins  and  Sakaoku  [6],  it  was  shown 
that  particulates  could  be  generated  in  a  C',F4  inductive¬ 
ly  coupled  plasma  at  elevated  pressures  (0.8  Torr). 
Buzzard  et  al  [7]  reported  production  of  particulates 
from  a  capacitively  coupled  CjF4  plasma  at  reduced 
pressure  and  high  power. 

Several  mechanisms  for  production  of  particulates  in 
Rt  plasmas  have  been  proposed,  including  gas-phase 
nucleation  and  growth  and  surface-mediated  growth. 
Here  we  report  a  study  of  the  formation  of  particles  in 
fluorocarbon-containing  plasmas.  Laser  light  scattering 
IS  u  ed  to  monitor  the  appearance  and  trapping  of 
particles.  Particles  arc  collected  and  analysed  by  Fourier 
transform  infrared  absorption  (itir)  and  transmission 
electron  microscopy  (ri  M).  A  range  of  gas  flow  rales. 


pressures  and  gas  compositions  are  explored.  It  is  ar¬ 
gued  that  gas-phase  nucleation  and  growth  is  the  domi¬ 
nant  mechanism  leading  to  particle  formation. 


2.  Experimental 

The  plasma  apparatus  is  a  modified  version  of  a  cham¬ 
ber  used  earlier  for  synthesis  of  silicon  nitride  particles 
[«]  It  consists  of  a  46  cm  cubic  aluminium  chamber 
equipped  with  15  cm  diameter  parallel-plate  electrodes 
with  3cm  separation.  Gas  is  delivered  to  the  chamber 
either  through  the  upper,  grounded  electrode  in  shower- 
head  configuration,  or  directly  through  a  single  orifice 
at  the  lop  of  the  apparatus.  For  most  of  the  experiments, 
the  electrode  temperature  is  not  controlled,  but,  to  study 
the  cflecl  of  Ihermophoresis,  the  powered  electrode  is 
water-cooled.  13  56  MHz  power  is  delivered  through  an 
impedance-matching  network  to  the  lower  electrode.  A 
voltage  probe  monitors  the  Rt  voltage  and  self-bias  on 
the  lower  electrode. 

A  10  mW  helium  neon  laser  is  used  to  detect  par¬ 
ticles  in  the  plasma.  T  he  laser  beam  is  expanded  into  a 
plane  by  passing  through  a  horizontal  glass  tube  (diam¬ 
eter  1.66  cm).  The  resulting  beam  propagates  254  cm  ti. 
the  electrodes  with  apertures  to  give  a  di.crgcnce  in  the 
vertical  plane  of  6.5  ,  such  that  the  laser  fills  almost  the 
entire  vertical  space  between  the  electrodes.  Scattered 
laser  light  is  observed  111  one  of  two  geometries.  A 
charge-coupled  device  (k  d)  camera  views  the  plasma 
through  the  quartz  exit  window  and  detects  small-angle 
light  scattering.  Additionally,  monochromatic  images  of 
the  scattered  632  nm  light  are  obtained  with  an  intensi¬ 
fied  r  f  I)  camera  viewing  the  90  scattered  light  through 
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a  monochromator.  Imaging  is  achieved  by  equipping  the 
monochromator  with  both  entrance  and  exit  slits  and 
using  a  single  lens  to  focus  the  output  onto  the  camera 
[9].  The  monochromator  can  also  be  tuned  to  specific 
emission  lines  to  obtain  two-dimensional  images  of 
plasma  emission.  Particle  generation  rates  are  deter¬ 
mined  by  measuring  the  time  from  plasma  initiation  to 
first  detection  of  particles  by  light  scattering. 

We  obtain  transmission  ma  spectra  of  powder 
samples  removed  from  the  apparatus  and  reflectance  ir 
spectra  of  thin  films  deposited  on  copper  substrates 
placed  on  the  powered  electrode.  After  long  plasma 
operation  times,  the  particles  accumulate  in  thick  de¬ 
posits  on  the  electrode  assemblies  outside  the  plasma 
region. 

Particle  appearance  times  are  measured  for  a  large 
number  of  plasma  chemistries.  Most  experiments  use 
CjF*  mixed  with  a  second  gas  including  argon,  hydro¬ 


gen,  deuterium,  oxygen,  methane  and  rrans-2-butene. 
Additionally,  vinylidene  fluoride  (l.l-CjH^Fj)  or  CF,  is 
used  as  the  fluorocarbon.  The  deposition  rale  of 
fluorocarbon  film  is  determined  by  placing  partially 
masked  silicon  substrates  on  the  lower  electrode,  and 
determining  film  thickness  by  post-plasma  profilometry. 

Particle  samples  for  tem  are  prepared  by  extinguishing 
(he  plasma  immediately  after  first  appearance  and  allowing 
the  particles  to  cascade  onto  carbon  tem  grids.  In  addition, 
samples  of  particles  that  accumulate  as  wall  deposits  are 
suspended  in  n-butanol  and  transferred  to  tem  grids. 


3.  Results  and  discussion 

Formation  of  particles  in  the  plasma  is  readily 
monitored  by  laser  light  scattering.  Figure  I  shows  a 
sequence  of  monochromatic  images  (false  colour) 


Figure  1.  False-colour  monochromatic  images  of  particles  in  a  1,1-CjHjFj  plasma.  A  is  at  first 
appearance  of  particles  at  1 1  s.  B  F  are  sequential  at  30  s  Intervals  thereafter.  Each  Image  shows 
scattering  from  a  continuous  plane  of  633  nm  laser  light. 
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Figure  2.  Particle  appearance  times  for  various  gas  mixtures 
(flow  rates,  f,  In  seem).  A.  CjF^  (/•»  20)(*),  CjF4  and  Oj 
(/  =  20  and  2.5)(').  C,F,  and  D,  (f  *  20  and  5)(  + ),  CjF,  and 
D,  (f-  20  and  10)(Q):  B.  CjF.  (f-  20)(«),  CjF.  and  0, 

(f-  20  and  5)(-).  CF,  and  Oj  (f  =  20  and  10)(  +  ),  CjF,  and 
CH4  (/-  20  and  10)(a).  1,1-C,H,F,  (/-  20)(X).  Lines  are 
drawn  between  pointo  to  guide  the  eye. 


appearance  time  becomes  independent  of  pressure  at 
high  pressures. 

Also  shown  in  figure  2(a)  is  the  elTect  of  added 
deuterium  gas.  The  presence  of  Dj  in  the  plasma  greatly 
accelerates  formation  of  particulates  at  a  given  pressure, 
and  lowers  the  pressure  at  which  particles  are  first 
observed.  Figure  2(b)  shows  the  particle  appearance 
time  in  mixtures  of  CjF*  with  CH*  and  Oj.  The 
acceleration  of  particle  formation  is  very  dramatic  for 
methane  (and  for  rraf)s-2-butene,  not  shown).  In  con- 
trasL  O2  suppresses  particle  formation  until  much  high¬ 
er  pressures  are  achieved.  Also  shown  in  figure  2(b)  is 
the  extreme  behaviour  of  vinylidene  fluoride,  for  which 
particle  formation  is  very  rapid  even  at  low  pressures. 
Particle  appearance  time  is  independent  of  gas  flow  rate. 
Mixtures  of  CjFj  with  argon  (20%  Ar)  give  appearance 
times  indistinguishable  from  those  for  pure  CjF^. 

The  FTIR  spectra  of  particles  formed  from  each  of  the 
plasma  chemistries  are  generally  very  similar  to  spectra 
of  thin  films  deposited  on  substrates  placed  in  the 
plasma  (compare  figure  3  curves  B  and  C).  In  all  cases, 
the  spectral  features  correspond  to  a  fluorocarbon.  The 
major  absorption,  the  C  F  stretch  at  1170  1230  cm 
is  broad  with  minor  substructure.  Surprisingly,  addition 
of  CH4,  Dj  or  to  the  plasma  does  not  result  in 
significant  incorporation  of  hydrogen  into  the  particles, 
as  seen  in  figure  3  curves  A  and  B  (less  than  1%).  Only 
when  high  concentrations  of  butene  are  added  does  the 
CH  absorption  appear  in  the  rriR  spectrum. 

The  TKM  results  show  that  the  particles  (figure  Mo)) 
are  spherical  and  non-agglomcralcd  with  diameter  in 
the  range  1 10  270  nm.  Particles  that  accumulate  on  the 
walls  during  extended  plasma  operation  (figure  4(b)) 
have  individual  particle  sizes  also  about  I50nm  but  are 


obtained  from  a  vinylidene  fluoride  plasma  (0.027Torr, 
15  seem  flow  rate,  30  W  rf  power,  gas  introtiuced  at  top 
of  chamber).  The  time  to  first  detection  of  particles  is 
1 1  s.  The  particles  develop  in  size  and  segregate  into  a 
pattern,  which  evolves  in  time.  The  spatial  pattern  of 
particles  is  sensitive  to  the  electrode  geometry,  tempera¬ 
ture  and  gas  flow  rates.  For  example,  if  the  gas  is 
delivered  at  high  flow  rates  in  shower-head  configur¬ 
ation,  then  the  particles  in  this  apparatus  arc  found  in 
rings  near  the  outer  edge  of  the  electrodes.  Likewise,  the 
post-plasma  behaviour  of  the  particles  is  strongly  af¬ 
fected  by  details  of  fluid  flow  and  electrode  temperature. 
Images  were  recorded  in  which,  at  extinction  of  the 
plasma,  the  particles  move  rapidly  (8  cm  s  ')  upward 
under  the  influence  of  a  small  temperature  gradient.  This 
effect  is  reversed  by  cooling  of  the  lower  electrode. 

The  lime  to  first  appearance  of  particles  is  found  to 
be  relatively  independent  of  the  above  conditions,  but  is 
quite  sensitive  to  the  total  pressure  for  the  chemistries 
studied  here.  In  figure  2(a)  is  shown  the  first  appeaiance 
time  of  particles  as  a  function  of  total  pressure  for  pure 
C2F4  gas  (20  seem,  30  W).  Typically,  there  is  a  pressure 
below  which  panicle  formation  is  not  observed.  The 
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FIgur*  3.  Fourier  transform  infrared  absorption  spectra:  A 
powder  formed  in  a  pure  CjF,  plasma:  B.  powder  formed  in  a 
C,F,  Hj  plasma;  and  C,  thin  film  formed  in  a  CjF,  H, 
plasma. 
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Figure  4.  Transmission  electron  micrographs  of 
fluorocarbon  particles:  (a)  deposited  directly  on  carbon  grids, 
from  a  CjF,  plasma  at  140  mTorr:  and  (b)  particles  collected 
from  electrode  assembly,  suspended  in  n-butanol  and 
dispensed  onto  grids. 

fused  into  strongly  agglomerated  chains.  The  spherical 
shape  suggests  uniform  radial  growth  in  the  plasma  as 
opposed  to  spatially  non  uniform  growth  on  a  surface 

I  he  observations  reported  here  are  qualitatively  con¬ 
sistent  with  a  gas-phase  micleation  model,  which  sup¬ 
poses  growth  of  panicles  in  the  plasma  by  attachment 
of  gas-phase  reactants  Immediately  upon  plasma  igni 
lion,  reactive  radicals  (such  as  Cf ,  Ct  and  <1  ,)  are 
generated  from  the  lluoiocarbon  Although  the  chemis 
tries  of  these  species  are  not  well  known,  it  is  probable, 
based  on  hydrocarbon  analogues,  that  (1  or  (  I  . 
addition  to  (’.f  4  is  facile  Such  collision  compicses  will 
be  readily  stabilized  by  three-body  collisions  even  at 
these  reduced  pressures  (based  on  MRKM  calculations). 
As  the  particle  grows,  it  will  acquire  a  negative  charge 
and  become  trapped  110],  precluding  loss  through  the 
sheath  When  the  particle  has  grown  lo  around  TOO  nni. 
It  scallers  suflicienl  light  to  be  delectable  (at  high 
particle  number  densities) 

The  apfiearance  lime  for  particles  in  a  (  ,t  4  plasma 
at  140m  Ion  is  measured  to  be  110s  Assuming  a 
constant  radial  growth  rale  (and  100  >00  nm  diameter), 
this  corresponds  to  OS  I4nni  s  '  Iniiial  ihin  lilni 
growth  on  a  substrate  placed  on  the  lower  electrode 
occurs  at  a  similar  rale  of  T  nm  s  '  for  the  same  plasma 
conditions  The  film  deposition  rale  is  not  uniform  in 
lime  The  .nitial  rale  of  -’nm  s  '  falls  to  0  4  nm  s  ' 


steady  state  when  the  plasma  is  loaded  with  particulates. 
A  likely  explanation  is  that  the  plasma-generated  reac¬ 
tive  molecules  are  strongly  scavenged  by  the  particles 
in  the  plasma,  reducing  their  flux  to  the  substrate. 
When  the  plasma  is  operated  at  pressures  below  onset  of 
particle  formation,  the  him  deposition  rate  is  constant  in 
time.  At  40  mTorr  CjF4  pressure,  very  thick  him 
( >8000  nm)  can  be  deposited  without  the  appearance  of 
particles.  While  particle  shedding  from  electrodes  or  walls 
may  lead  to  particulates  under  some  plasma  conditions,  it 
is  clear  that  gas-phase  processes  predominate  here. 

It  has  been  reported  that  hydrogen  enhances  the  rate  of 
him  deposition  in  fluorocarbon  plasmas  [II].  This  effect 
has  been  attributed  lo  enhanced  production  of  free  radicals 
by  hydrogen  atom  abstraction  of  fluorine  [IT].  The 
presence  of  hydrogen-containing  molecules  in  the  plasma 
significantly  shortens  the  appearance  time  for  particles.  If 
the  major  role  is,  indeed,  to  increase  the  density  of  t'f  or 
CKj,  this  would  qualitatively  explain  the  lack  of  hydrogen 
incorporation  in  particulates  or  lilms  despite  the  enhanced 
growth  rales.  The  suppression  of  particles  by  oxygen  can 
be  attributed  to  blocking  of  attachment  sites  by  (),  or 
scavenging  of  the  gas-phase  radicals  needed  for  growth 
The  formation  of  particles  In  these  experiments  is 
independent  of  the  apparatus  history  T  he  first  plasma  run 
after  cleaning  of  the  walls  and  electrodes  has  a  particle 
appearance  time  within  sevonds  of  those  of  later  runs.  T  he 
electrodes  and  walls  become  coaled  with  a  fluorocarbon 
film  and  subsequent  reivlilions  yield  reproducible  limes.  It 
IS  diflicull  10  reconcile  these  observations  with  any 
mechanism  that  allribules  a  large  role  lo  surface  formation 
of  particles  While  emission  of  (  f  ,  moieties  from  the 
elcxiriHlcs  by  sputtering  may  contribute  lo  particle  growth, 
the  strong  pressure-ileixndence  of  parliele  fcirmation  points 
lo  gas-phase  nuelealion  as  the  predominant  mechanism 
In  summ:iry.  the  combination  of  formation  of 
spherical  particles  at  a  repeatable,  fixed  lime  after 
plasma  initiation.  inde(sendenl  of  thickness  of  pre-vle- 
posilcil  him  and  exhibiting  a  strong  pressure  depend¬ 
ence,  all  point  lo  a  gas-phase  growth  process  I  he  .iclual 
molecular  sequence  leading  to  nuelealion  is  not,  how 
ever,  inferrable  from  these  experiments 
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Abstract  Particle  formation  has  been  studied  in  Ar  sputtering  plasmas  and 
CCl2F2-Ar  reactive  ion  etching  plasmas  from  Si  and  SiOj  substrates  by  laser  light 
scattering,  scanning  and  transmission  electron  microscopy  and  optical  emission 
plasma  diagnostics.  Particles  nucleate  and  grr>w  continuously,  and  are  swept  out  into 
the  exhaust  under  a  wide  variety  of  plasma  conditions.  Within  a  more  limited  range  of 
values  for  pressure  and  (low  rate,  particles  grow  large  enough  in  the  plasma  so  as  to 
form  a  particle  cloud  suspended  above  the  substrate.  Stability  and  position  of  the 
cloud  depend  on  the  process  conditions.  When  particles  become  visible  by  light 
scattering,  at  a  diameter  of  about  200  nm,  they  are  essentially  spherical  and 
monodispeise  in  size,  but  the  size  distribution  becomes  much  wider  as  the  average 
particle  size  increases  with  increasing  discharge  time.  In  sputtering,  particles  smaller 
than  about  lOOnm  are  quite  porous,  have  a  somewhat  more  irregular  shape  and 
exhibit  a  spherulitic  (spherically  columnar)  mode  of  growth.  Optical  emission 
spectroscopy  of  the  plasma  and  compositional  analysis  of  the  particles  indicate  that 
in  all  cases.  Si  atoms  are  responsible  for  particle  nucleation  and  growth.  These 
observations  are  discussed  in  terms  of  possible  mechanisms  (or  generation  and 
transport  of  plasma  species  in  the  discharge,  particle  nuclea'ion  and  growth,  particle 
transport  and  particle  cloud  formation. 


1.  Introduction 

Maximization  of  the  yield  achieved  is  a  major  concern 
in  present  day  microelectronics  nianufactunr.g.  One  of 
the  main  factors  limiting  the  yield  is  particle  contamina 
tion.  The  traditional  way  of  dealing  with  this  problem 
has  been  to  control  wafer  handling  and  the  wafer 
ambient.  However,  if  the  process  involves  a  plasn.a,  it 
has  become  apparent  that  particle  contamination  may 
be  a  more  or  less  unavoidable  by-product  of  wafer 
processing  itself  [1], 

Process-induced  particle  formation  was  first  ob¬ 
served  in  plasma-enhanced  chemical  vapour  deposition 
(PF.CVD)  [2  10],  and  later  also  in  sputtering  [II  20] 
and  reactive  ion  etching  (Riti)  [1 1,  1 2,  16  18,20  24].  In 
all  of  ihis  work,  particle  formation  occurred  in  the 
plasma  itself,  due  to  some  undcsired  chemical  reactions 
between  plasma  species,  and  was  not  primarily  a  fiii.c- 
tion  of  the  cleanliness  of  the  reactor  or  of  wafer  handling 
before  and  after  the  process. 

In  the  present  paper,  we  shall  review  recent  work  in 
the  authors'  laboratory,  focusing  on  process-induced 
particle  generation  in  the  sputtering  and  Rii  of  silicon 
and  silicon  dioxide  [1 1,  12,  16  18,  23].  Emphasis  will  be 
placed  on  the  plasma  conditions  under  which  particles 
form,  the  mode  of  growth  of  these  particles  and  the 


plasma  species  responsible  for  nucleation  and  growth  of 
particles.  The  results  we  shall  report  have  been  obtained 
mainly  from  laser  light  scattering,  scanning  (SliM)  and 
ir  ismission  electron  microscopy  (T!:m)  and  optical 
emission  plasma  diagnostics. 


2.  Experimental  results 

Details  of  our  experimental  set-up  have  been  described 
previously  [II,  12.  16],  The  reactor  is  a  conventional 
parallel  plate  1 3.36  MHz  reactor  with  5  inch  electrode.; 
and  Al  guard  rings  to  coniine  the  discharge  (figure  I ). 
Process  gases  are  fed  in  at  the  top  plate  on  the  right-  hand 
side  and  pumped  out  through  the  exhaust  at  the  left-hand 
side  wall,  Ar  is  used  for  sputtering  and  10%  CCI^f , 
in  Ar  for  rii..  Light  scattering  from  particles  is  performed 
using  a  frequency-doubled  Nd  YAG  laser  (beam  diam¬ 
eter  16mm,  average  pulse  energy  I7mj)  and  is  observed 
visually  in  a  direction  approximately  perpendicular  to  the 
beam.  Particles  large  enough  to  settle  onto  the  substrate 
arc  examined  by  si  M.  Very  small  particles  are  eollected 
downstream,  between  the  substrate  and  the  exhaust,  on 
ThM  grids.  Optical  emission  from  a  region  near  the  sheath 
edge  is  focused  with  a  lens  through  a  quartz  window  onto 
a  fibrc-oplic  cable  connected  to  a  monocliiomalor. 
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FIgural.  Experimentiil  set-up.  OP,  diffusion  pump:  MV,  manual  throttle  valve: 
MS,  mass  spectrometer:  GR,  guard  ring:  TEM,  tem  grid  holder:  Gl,  gas  inlet:  QW, 
quartz  window:  FL,  focusing  lens:  OED,  optical  emission  detector:  M,  mirror:  BS, 
beam  splitter:  BE,  beam-enlarging  lens:  LD,  laser  power  detector. 


Our  set-up  differs  from  that  of  a  number  of  other 
authors  [13,  14,  21,  24]  in  that  r  ur  substrate  is  of  the 
same  size  as  the  electrode,  so  that  only  the  substrate 
(plus  the  guard  ring)  is  exposed  lo  the  plasma  and 
thereby  etched.  This,  however,  causes  a  certain  degree  of 
non-uniformity  of  the  discharge  (and  the  etch  rate) 
along  the  substrate  edge,  in  the  other  cases,  the  substra¬ 
te  electrode  is  much  larger  than  the  substrate  and  also 
consists  of  a  different  material,  so  that  the  etch  rate 
across  the  substrate  is  quttc  uniform,  but  species  etched 
from  the  electrode  arc  also  introduced  into  the  plasma. 

Particles  in  the  form  of  a  particle  cloud  above  the 
wafer  near  the  sheath  edge  are  observed  under  a  variety 
of  plasma  conditions  (figure  2)  [16  18],  We  use  a 
quantity  called  the  onset  rale,  which  is  defined  as  the 
inverse  of  the  time  at  which  the  particle  cloud  begins  to 
be  observable  by  laser  light  scattering,  as  a  convenient 
measure  for  comparing  qualitatively  different  experi¬ 
mental  situations.  If  two  of  the  three  discharge  variables 
(pressure,  gas  flow  rate  and  Rt  power)  are  held  constant, 
then  we  observe  threshold  behaviour  for  ihe  appearance 
of  a  particle  cloud  versus  the  third  variable  [16  18], 
That  is,  no  particle  cloud  is  observed  even  after  an 
extended  period  of  time  unless  the  third  variable  exceeds 
a  certain  value.  An  example  of  this  is  given  in  figure  3, 
where  the  rk  power  and  flow  rale  are  held  constant  and 
the  pressure  is  varied. 

With  a  particle  cloud  already  formed,  the  shape  and 
position  of  the  cloud  depend  on  the  pressure  and  flow 
rate.  For  example,  if  Ihe  pressure  is  reduced  gradually  at 
a  constant  flow  rate,  the  cloud  moves  to  the  left  until  it 
reaches  the  edge  of  the  wafer,  at  which  point  it  is  swept 
out  into  the  exhaust  [18],  The  pressure  at  which  this 
occurs  coincides  with  the  threshold  pressure  for  the 
cloud  formation  mentioned  above  (figure  3). 

When  particles  become  visible  by  light  scattering 
they  are  about  200  nm  in  diameter  and  appear  fairly 


spherical  and  monodispersc  in  skm  (figure  2)  [17,18]. 
Upon  growing  further,  they  show  an  orange-peel-type 
surface  texture,  which  is  due  to  their  being  made  up  of 
numerous  cone-shaped  pieces.  Such  pieces  are  often 
observed  as  particle  fragments  in  sbm  samples  (figure 


Figure  2.  (a)  Particle  cloud  scattering  laser  light  (nnd 
reflection  on  wafer).  Ar  sputtering  of  Si  at  120mTorr,  (b) 
Particles  depo.ilted  on  wafer  at  onset  of  light  scattering. 
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Figure  3.  Onset  rates  versus  pressure:  Si  sputtering  in  Ar  (100W):  Si02  sputtering  In 
Ar  (100W);  SIRIE  (200W,  10%  CCIjFj/  90%  Ar). 


Cb) 


Figure  4.  (a)  sem  of  a  large  particle  with  fragments, 
deposited  on  tiie  wafer,  from  sputtering  of  SI  In  Ar,  (b)  tem  of 
small  particle  collected  downstream  from  sputtering  of  Si  In 
Ar. 

4(a)).  The  growth  mode  of  these  particles  is  elucidated 
further  by  tem  analysis.  What  appears  as  a  spherical 
particle  in  SCM  actually  displays  a  somewhat  irregular, 
porous,  overall  amorphous  structure  in  tem  showing 
spherically  columnar,  or  ‘spherulitic’,  growth  [25]  for 
the  case  of  sputtering  (figure  4(b))  [18], 


Figure  5.  tem  of  particles  collected  downstream  from  rie  of 
SIO,  (200W,  lOOmTorr,  10%  CCI^Fj/VOVoAr). 


Very  small  particles  can  be  collected  downstream 
from  the  substrate  on  tem  grids  either  below  or  above 
threshold  conditions,  but  before  a  particle  cloud  be¬ 
comes  visible  ii  light  scattering  [18,23],  An  example  of 
this  is  given  in  figure  5  (see  also  figure  4(b)). 

It  IS  also  important  to  note  that  particle  lormation  is 
much  faster  in  sputtering  than  in  rie,  although  the  etch 
rate  is  much  larger  in  rie  at  a  fixed  pressure  (figure  3) 
[17,23],  Furthermore,  in  sputtering  the  threshold  for 
cloud  formation  is  correlated  with  noticeable  redeposi¬ 
tion  over  the  centre  part  of  the  wafer  (at  which  point 
there  still  is  net  etching  along  the  edge  of  the  wafer)  [17], 
In  RIE  of  Si,  cloud  formation  occurs  only  at  fairly  high 
pressures,  i.e.  considerably  above  the  point  of  maximum 
c.ch  rate  or,  in  other  words,  only  when  there  is  signifi¬ 
cant  polymerization  in  the  plasma  and  polymeric  de¬ 
position  on  the  wafer  [17],  No  cloud  formation  is 
observed  in  the  rie  of  SiO^  up  to  a  pressure  of 
600mTorr  in  our  system. 

In  sputtering,  the  size  distribution  of  particles  de¬ 
pends  or.  time  and  on  the  location  within  the  cloud.  On 
the  one  hand,  the  average  particle  size  increases  and  the 
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FIgura  6.  Particle  size  distributions  versus  location  in  a  fully 
developed  cloud.  The  cloud  appears  at  location  c  at  the 
onset  of  light  scattering,  then  expands  with  time,  and 
eventually  covers  about  half  of  the  wafer. 

size  distribution  becomes  wider  with  time  [18].  On  the 
other  hand,  the  'oldest'  part  of  a  cloud,  i.e.  the  location 
where  particles  appear  first,  on  average  exhibits  the 
largest  particles  (figure  6)  [18]. 

The  most  important  feature  of  the  optical  emission 
spectra  is  that  Si  atoms  are  delected  only  in  sputtering, 
and  not  in  Rifi  (figure  7)  [23],  although,  as  mentioned 
above,  the  etch  rate  is  much  higher  in  rie.  In  addition, 
in  comparing  sputtering  of  Si  and  SiOj  at  a  given 
pressure,  the  ratio  of  the  emission  intensities  from  Si 
atoms  is  about  the  same  as  the  ratio  of  the  sputter  etch 
rates  or  the  ratio  of  the  onset  rates  [23]. 

EDX  analysis  reveals  that  the  major  constituent  of 
particles  produced  in  sputtering  is  Si.  Particles  collected 
in  RIE  contain  less  Si  but  more  A!  (from  the  guard  ring), 
as  well  as  Cl  and  F  [23], 


.3.  Discussion  and  conclusions 

The  most  important  conclusion  suggested  by  our  results 
is  that,  in  the  systems  studied,  sputtering  and  rie  of  Si 


(a) 


waveleagtta,  nn 


(b) 


waveicnsth,  am 


Figure  7,  Optical  emission  spectra,  (a)  sputtering  of  Si 
(laOmTorr,  200  W);  (b)  rie  of  Si  (120mTorr.  200 W). 

and  Si02,  the  species  responsible  for  particle  nucleation 
and  growth  are  probably  Si  atoms.  This  follows  from  a 
combination  of  several  observations.  First,  in  the  sput¬ 
tering  of  Si  and  SiO^  the  most  important  'etch'  products 
are  clearly  Si  atoms.  Hence  it  is  notable  that  the  onset 
rate  for  light  scattering,  the  sputter  etch  rate  (thus  the 
flux  of  Si  atoms  into  the  plasma),  and  the  optical 
emission  intensity  from  Si  atoms  (thus  the  Si  atom 
concentration  in  the  plasma)  are  all  higher  in  the  same 
proportion  for  Si  as  compared  to  SiOj.  Second,  in  the 
RIE  of  Si  and  SiOj,  the  overall  removal  rale  of  Si  atoms 
is  much  larger  than  in  sputter  etching,  yet  particle 
formation  is  much  slower.  However  in  rie  most  etch 
products  arc  volatile  species  of  the  form  SiCl.F,,  where¬ 
as  Si  atoms  are  at  most  a  minor  etch  product  and  are 
present  at  a  much  lower  concentration  than  in  sputter¬ 
ing,  as  is  indicated  by  our  optical  emission  results  (figure 
7). 

As  a  second  conclusion,  we  wish  to  emphasize  that 
particle  nucleation  and  growth  evidently  occur  continu¬ 
ously  under  all  experimental  conditions,  even  when  a 
stable  particle  cloud  is  never  observed  by  light  scatter¬ 
ing.  This  follows  from  the  fact  that  one  can  collect 
particles  downstream  either  before  the  appearance  of  a 
particle  cloud  over  the  wafer  (above  threshold  condi¬ 
tions),  or  even  below  threshold  conditions  where  no 
particle  cloud  is  ever  detected.  Furthermore,  even  in  a 
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well-developed  cloud  some  very  small  particles  can 
always  be  found  (figure  6). 

llie  formation  of  a  stable  particle  cloud  thus  requires 
that  nuclei  grow  and  become  negatively  charged  fast 
enough  so  as  not  to  be  swept  out  directly  into  the 
exhaust.  Confinement  of  the  particle  cloud  in  the  direc¬ 
tion  perpendicular  to  the  parallel  plate  discharge  elec¬ 
trodes  depends  on  a  balance  of  electrical  and  ion  drag 
forces  on  the  particles  [26-29].  The  reversible  changes 
in  cloud  shape  and  transverse  cloud  position  which  can 
be  induced  by  changes  in  flow  rate  or  pressure  indicate 
that  the  neutral  drag  force  on  the  particles  is  also  very 
important.  In  fact,  it  is  not  clear  yet  what  combination 
of  effects  gives  risr  to  transverse  confinement  of  a 
particle  cloud,  since  clouds  can  form  even  over  the 
centre  of  a  wafer,  where  there  arc  no  nearby  geometric, 
electrical  discontinuities  in  the  surfaces  in  contact  with 
the  plasma  [.fO], 

Our  results  also  suggest  some  approaches  toward 
minimizing  particle  contamination.  The  threshold  obser¬ 
vations  for  particle  cloud  formation  indicate  that  there 
may  be  'safe'  regions  for  operating  a  certain  process  as 
far  as  deposition  of  particles  on  a  wafer  is  concerned. 
Also,  a  soft  shut-down  of  the  discharge  is  advisable, 
whereby  the  pressure  is  reduced  gradually  before  the  rk 
power  is  turned  off.  This  will  move  the  particle  cloud,  if 
any,  off  the  wafer  into  the  exhaust.  Furthermore,  if 
operating  a  process  in  a  'safe'  region  is  not  possible,  then 
it  will  be  preferable  to  modulate  or  pulse  the  discharge 
power,  the  benefits  of  which  have  already  been  demon¬ 
strated  [6  8], 
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Abstract.  Experimental  identification  of  the  precursors  and  processes  leading  to 
particles  is  essential  lor  understanding  particulate  contamination  in  deposition 
plasmas.  We  have  investigated  particle  formation  in  radiofrequency  silane  plasmas 
using  light  scattering  (elastic  and  inelastic)  and  quadrupole  ion  mass  spectrometry  as 
complementary  plasma  diagnostics.  Negative  ions  reach  high  masses  (at  least 
500  amu)  and  are  the  only  elementary  species  with  a  residence  time  on  the  scale  of 
the  powder  formation  time.  Furthermore,  a  negative-ion  polymerization  scheme 
shows  that  the  densities  of  high-mass  anions  are  strongly  diminished  at  kilohertz 
power  modulation  frequencies,  at  which  reduced  powder  production  is  also  observed. 
We  conclude  that  negative  ions  are  the  particle  precursors  and  that  initial  clusters 
grow  by  negative-ion  polymerization  in  silane  plasmas,  in  situ  light  scattering 
techniques  are  described  to  determine  particle  size,  number  density  and  refractive 
index  sell<onsistently.  NoveL  visible  photoluminescence  measurements  from 
particles  suspended  in  the  plasma  are  also  reported.  These  diagnostics  demonstrate 
that  particle  evolution  proceeds  by  an  agglomeration  phase  and  that  the  particle 
properties  are  different  from  those  of  the  bulk  material  early  in  particle  development. 


1.  Introduction 

Particulate  contamination  formed  in  plasmas  for  indus¬ 
trial  applications  presents  a  major  problem  by  limiting 
manufacturing  productivity  and  device  reliability  [1  3]. 
■Suppression  of  particle  formation  in  silane  plasmas  for 
amorphous  silicon  deposition  presupposes  a  knowledge 
of  the  powder  precursor  identity  and  of  the  reactions 
leading  from  monosilicon  process  gas  to  particles  con¬ 
taining  millions  of  silicon  atoms.  In  this  paper  we 
simultaneously  use  quadrupole  ion  mass  spectrometry 
and  light  scattering  to  investigate  precursor  formation 
and  particle  growth  in  silane  Ri  plasmas. 

Various  species  could  be  involved  in  plasma  poly¬ 
merization  leading  to  particle  precursor  formation. 
Polymerization  could  propagate  by  insertion  of  silane 
radicals  into  higher  saturated  molecules  [4,5]  or  by 
silane  addition  to  positive  ions  [4,6].  Negative  ions 
arc  trapped  in  the  plasma  by  the  sheath  potentials, 
which  suggests  that  plasma  polymerization  could  also 
proceed  via  negativc-ion  pathways  even  if  the  reaction 


rates  arc  slow  [7  12].  I  -me- resolved  mass  spcctromctric 
measurements  of  the  diffusion  of  heavy  polymertzed 
negative  ions  from  power-modulated  Rh  silane  plasmas  are 
modelled  by  a  simple  polymerization  scheme  to  demon¬ 
strate  the  cfTect  of  modulation  on  precursor  formation. 

Particle  precursors  arc  too  small  to  be  visible,  al¬ 
though  particles  suspended  in  the  plasma  can  be  detec¬ 
ted  by  light  scattering  [1  3.  13  19],  The  scattering  is 
often  monitored  simply  as  a  guide  to  the  amount  of 
powder  and  onset  rate  [20]  because  the  intensity  is  a 
complex  convolution  of  particle  size,  number  density 
and  refractive  index  [21,22].  DilTercnt  methods  have 
been  applied  to  deconvolve  the  particle  parameters 
using  angular  dissymmetry  [23]  and  polarization-sensi¬ 
tive  diagnostics.  In  general,  additional  ex  situ  measure¬ 
ments  [15]  or  assumptions  (such  as  using  the  refractive 
index  of  amorphous  silicon  [IS])  arc  necessary.  In  this 
paper,  we  attempt  to  determine  the  particle  size,  number 
density  and  refractive  index  self-consistcntly  from  90 
polarization-sensitive  scattering  and  extinction  measure¬ 
ments.  in  addition,  visible  phololuminesccnce  from  the 
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suspended  particles  [24]  is  briefy  described  and  pro¬ 
posed  as  a  potential  in  situ  diagnostic. 


2.  Exp«rlm«ntal  dflscrlptlon 

The  conventional  parallel-plate  rf  reactor  comprises 
two  symmetric  I30mm  diameter  electrodes  with  a 
2Smm  electrode  gap,  described  in  detail  elsewhere  [25], 
Plasma  parameters  for  good  quality  a-Si :  H  deposition 
were  chosen:  30sccm  pure  silane  flow  at  0.1  mbar  pres¬ 
sure.  The  RF  power  of  4-10  W  at  an  excitation  frequency 
of  30  MHz  was  capacitively  coupled  to  the  RF  electrode. 


case).  Afp  is  the  number  density  of  particles  present  in  the 
observation  volume  AK  Note  that  AP  and  the  solid 
angle  AO  must  be  sufficiently  smal’  for  the  scattering 
angle  to  be  close  to  90°  and  for  the  f  irity  of  polarization 
to  be  conserved.  The  incident  intensities  (/^,  fjj)  at  the 
observation  volume  are  corrected  for  any  absorption 
and  scattering  losses  from  powder  between  the  souree 
and  this  volume.  The  experiment  is  also  arranged  to 
avoid  scattering  and  absorption  losses  between  the  ob¬ 
served  volume  and  the  detector.  The  measured  transmit¬ 
ted  power  fraction  WJWf,  is  independent  of  polarization 
and,  for  simple  scattering,  is  given  by 


lf;/W,  =  exp(-C...V)  (2) 


Zl  The  experimental  method  for  light  scattering 
measurements 

Light  scattering  by  a  spherical,  homogeneous  particle  is 
described  by  the  Lorentz  Mie  theory  [21,22].  For  a 
randomly  distributed  ensemble  the  total  scattered  inten¬ 
sity  is  the  sum  of  the  individual  particle  Intensities 
provided  that  no  multiple  scattering  occurs.  For  ident¬ 
ical  particles,  the  power  at  the  detector  is 

oc  NpAFAO|SJ^/J  (1) 


where  tl  is  the  path  length  of  the  visible  beam  in  the 
powder  layer  suspended  in  the  plasma.  is  the 
extinction  cross  section  (sum  of  scattering  and  absorp¬ 
tion)  and  depends  on  x  and  n. 

2.1.1.  Experimental  procedure.  The  scattered  power  is 
monitored  during  particle  growth  with  both  the  source 
and  detector  polarized  parallel  or  perpendicularly,  giv¬ 
ing  vVj:  and  \Vj,'  in  consecutive  experiments.  Since  we 
arrange  that  we  can  define 


and  equivalently  for  where  the  polarizations  are 
represented  in  figure  1.  The  terms  Sj^  and  S  are  complex 
elements  of  the  amplitude  scattering  matrix  [26]  and  are 
a  function  of  the  complex  refractive  index  n,  the  size 
parameter  x  =  InrlX  (r  is  the  particle  radius  and  k  the 
source  wavelength)  and  the  scattering  angle  0  (90  in  our 


Flguio  1.  Schematic  plan  view  of  the  diagnostic 
arrangement  In  the  plane  of  a  powder  layer  suspended  in  the 
plasma  above  the  bottom  electrode.  The  light  source  is  a 
lOmW  He  Ne  laser. 


wt  -F  WJ'  |SJ^-F|S|||^ 


which  would  be  equivalent  to  the  degree  of  linear 
polarization  for  the  case  of  unpolarized  incident  light.  Note 
that  P  is  a  function  of  .x  and  n  only,  and  S  ^  and  S  | ,  which  also 
determine  C,,„  arc  calculated  using  the  BHMIE  algorithms 
[26].  The  signal  evolution  has  been  demonstrated  to  be 
highly  reproducible  even  down  to  the  smallest  features.  P  is  a 
multi-valued  function  of  the  size  parameter  and  therefore  an 
estimation  of  particle  size  requires  that  the  particle 
development  be  followed  from  the  beginning.  The  technique 
therefore  cannot  be  used  for  instantaneous  measurements  in 
an  already-formed  plasma  particle  system. 

We  find  that  there  is  no  unique  refractive  index  that 
can  describe  the  time  variation  of  P  assuming  particle 
growth  with  continuous,  monotonically  increasing  radii. 
Therefore  we  must  allow  for  a  changing  refractive  index 
Ml)  during  particle  growth,  and  follow  an  iterative 
procedure  to  determine  self-consistcntly  the  parameters 
|N^.  x,  it)  as  a  function  of  time. 

(i)  Firstly,  the  P  curve  is  reproduced  using  S^(l)  and 
S|,(/)  values  calculated  from  an  assumed  step-by-step 
variation  for  the  real  and  complex  parts  of  MO  during 
the  particle  growth  phase,  along  with  the  corresponding 
size  parameter  variation  .x|(|. 

(if)  The  value  of  C,„(0  is  then  calculated  using  these 

and  S  ,  values,  and  the  time-varying  particle  number 
density  NJii)  is  estimated  from  the  WJW„  measurement 
and  equation  (2). 
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(iii)  Using  equation  (1)  values  for  Wii  and  Wjl  are 
calculated  and  compared  with  the  experimentally  meas¬ 
ured  and  Wjj  signals. 

The  procedure  is  iterated  until  a  reasonably  accurate 
self-consistent  agreement  is  found  for  the  measured 
values  of  { Wj:,  fT]',  H^}  in  terms  of  the  particle  para¬ 
meters  {»,  jc,  Nj,]  over  the  whole  lime  period  inves¬ 
tigated. 


2.1.2.  Limitations  of  the  technique.  The  method  described 
is  non-perturbative,  easy  to  install  in  a  plasma  reactor 
and  gives  self-consistent  results  without  requiring  any  ex 
silu  measurements.  However,  to  follow  the  particle  evol¬ 
ution,  it  is  necessary  to  arrange  for  the  observation 
volume  to  coincide  with  a  position  in  the  discharge 
region  where  the  particles  form  and  grow  without  drift¬ 
ing  out  of  the  zone  under  observation.  Displacement  of 
the  particle  cloud  can  be  minimized  by  using  an  isother¬ 
mal  environment  to  eliminate  thermophoretic  forces  [27] 
and  by  using  conditions  that  avoid  rapid  production  of 
high  particle  densities  leading  to  Instabilities,  which  can 
empty  particles  from  the  plasma,  because  light  scattering 
diagnostics  could  wrongly  interpret  these  effects  as  a  real 
reduction  in  particle  formation  rales. 

Boufendi  el  a/  [15]  have  demonstrated  that  particles 
are  mono-sized  during  the  early  stage  of  develop¬ 
ment.  Moreover,  since  the  scattering  cross  section  varies 
as  for  the  smallest  particles  (Rayleigh  scattering  for 
.X  <  0.1  0.3,  depending  on  the  refractive  index  [2it])  and 
at  least  as  for  larger  particles,  our  assumption  of 
identical  particles  is  justifiable  by  considering  that  tight 
scattering  from  the  initial  class  of  particles  will  dominate 
the  detected  signal  during  the  particle  development 
investigated  here. 

The  iterative  data  interpretation  procedure  is  not 
automatic,  but  requires  a  degree  of  judgement  and 
experience  to  aid  in  identifying  the  parameter  trends 
most  likely  to  yield  self-consistent  results. 


2.2.  Ion  mass  spectrometry 

The  differenti.  Ily  pumped  mass  spectrometer  was  a 
Hiden  Analytical  Limited  Plasma  Monitor  type  HAL 
EQP  5(X)  (Hiden  Analytical  Limited,  Gemini  Business 
Park,  Warrington  WAS  5TN,  UK)  for  masses  1 
SOOamu.  The  ion  extractor  head  in  figure  1  was  posi¬ 
tioned  with  its  axis  in  the  electrode  plane  10mm  beyond 
the  earthed  guard  screen  [12].  In  this  work,  therefore, 
ions  were  not  extracted  at  the  earthed  electrode  but  at 
the  mass  spttctrometer  head,  which  was  at  the  same 
potential.  Ions  enter  the  monitor  through  a  100 pm 
aperture  in  the  extractor  electrode.  A  -1-  40  V  bias  gave  a 
good  negative-ion  signal  without  creating  a  visible  .sec¬ 
ondary  plasma  in  the  extraction  orifice.  For  time-resol¬ 
ved  measurements,  the  channcltron  pulses  triggered  by 
ion  events  were  registered  by  a  gated  counter  [12].  The 
deposited  film  or  powder  can  block  the  aperture  [S]  and 
the  monitor  extraction  head  had  to  be  dismantled  and 


cleaned  in  acid  after  every  few  hours  of  exposure  to  the 
plasma. 


3.  Results 

3.1.  Negative  ions 

Figure  2  shovrs  the  time-resolved  behaviour  of  mono- 
to  hexasilicon  hydride  anions  in  an  on-olT  power- 
modulated  plasma  [12].  The  double  peak  in  the  mono-, 
di-  and  trisilicon  hydride  anion  groups  is  predicted  by 
the  model  of  Overzel  ei  al  [29]:  the  first  peak  is  due  to 
attachment  in  the  decaying  sheath  after  plasma  extinc¬ 
tion  and  the  second  peak  is  due  to  negative  ions  diffus¬ 
ing  from  the  plasma  bulk  when  the  sheath  has  collapsed 
[11,  12,  30,  31].  Figure  2  also  shows  that  only  the 
monosilicon  hydride  anions  have  enough  time  to  disap¬ 
pear  completely  at  IkHz  modulation  frequency.  Be¬ 
cause  of  the  mass-dependent  diffusion  loss  rates  [1 2]  the 
modulation  frequency  influences  the  composition  of  the 
plasma.  This  point  will  be  demonstrated  by  a  simple 
polymerization  model  below. 

Negative  polysilicon  hydride  ionic  clusters  have  been 
observed  up  to  the  SOOamu  mass  limit  of  the  mass 
spectrometer  [32],  corresponding  to  [Si^HJ ",  indica¬ 
ting  that  negative  ions  could  be  precursors  to  larger 
clusters  and  ultimately  to  powder  particles.  These  nega¬ 
tive  molecular  ions  are  singly  charged  by  incorporation 
of  an  electron  into  a  molecular  orbital;  the  concepts  of 
sheaths  and  floating  potential  only  apply  when  the 
object  is  large  enough  for  it  to  be  statistically  meaningful 
to  speak  of  electron  and  positive  ion  fluxes  to  its  surface 
[9, 33,  34],  The  positive-ion  masses  are  limited  to  a  mere 
I50amu,  possibly  because  of  the  .activation  energy  bar¬ 
riers  described  by  Mandich  ei  al  [35].  The  positive-ion 
size  might  also  be  limited  because  of  ion  ion  recom¬ 
bination  losses,  or  because  they  are  cfliciently  evacuated 
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FIgur*  2.  Time-resolved  fluxes  fur  mono-  to  hexasilicon 
hydride  molecular  anion  groups  measured  at  1  kHz  power 
modulation  frequency.  Ti.me  is  referenced  to  the  beginnir.g  of 
a  plasma  period  and  the  afterglow  is  from  5(X)  to  tOOOnS. 
The  heavy  line  repreuents  tne  following  plasma  duration.  For 
each  data  point,  the  negative  ions  were  counted  with  a  5^s 
time  window  over  10000  modulation  cycles.  Pure  silane  at 
0.1  mbar  and  4  W  average  power  (OOmWem  '  during  the 
plasma  period)  al  30  MHz  excitaiior.  frequency,  electrode 
temperature  150“C. 
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from  the  plasma  across  the  sheaths. 

3,1.1.  Polymerization  scheme  Tor  negative  ions.  Experi¬ 
mental  results  suggest  that  a  polymerization  pathway 
proceeds  via  negative  ion  clustering;  they  are  not  simply 
by-products  formed  by  electron  attachment  to  a  neutral 
species  pathway.  Three  reasons  why  the  high-mass  nega¬ 
tive  ions  are  not  formed  by  attachment  to  heavy  neutrals 
are  the  following  [12]. 

(i)  No  neutrals  with  masses  as  high  as  those  of  the 
negative  ions  are  detected  in  the  mass  spectra. 

(ii)  Negative  ions  and  neutrals  have  very  dilferent 
abundance  ratios. 

(iii)  No  attachment  peaks  exist  in  the  time-resolved 
measurements  for  negative  ions  heavier  than  trisilicon 
hydride  anions  (figure  2). 

One  possible  polymerization  pathway,  which  propa¬ 
gates  via  negative  ions,  is  by  silane  addition  [7],  analog¬ 
ous  to  the  condensation  reactions  proposed  for  positive 
iens  [4,  6,  36]  Ion  ion  recombination  is  the  second 
possible  pathway  for  polymerization  [37, 38].  Since 
heavy  neutral  species  are  not  observed,  it  must  be 
supposed  that  they  are  re-attached  and  therefore  ion 
molecule  and  ion-ion  reactions  both  eventually  lead  to 
stable  higher-mass  negative  ions.  The  conditions  for 
negative  ion  formation  are  discussed  in  more  detail  in 
[12]. 

The  qualitative  behaviour  of  negative-ion  polymeriz¬ 
ation  in  modulated  silane  plasmas  can  be  described  by 
a  phenomenological  model  [12].  In  the  following,  tl.e 
term  SJr)  designates  the  time-varying  plasma  density  of 
all  the  polysilicon  hydride  anions  containing  n  silicon 
atoms.  The  conservation  equation  for  the  monosilicon 
hydride  anion  density  is 

dS,(t)/d(  =/(()  -}/,(')  (4) 

where  /(r)  is  the  monomer  source  term  due  to  electron 
attachment  on  silane,  K,  is  the  reaction  rate  for  silane 
addition  and  is  the  monomer  loss  rate  due  to 
detachment  and  modulation  losses.  In  this  model  the 
aim  is  to  study  a  simple  clustering  sequence.  In  what 
follows,  the  phenomenological  polymerization  rate  con¬ 
stant  K„  includes  all  possible  reactions  such  as  ion 
molecule,  ion  radical  and  ion  ion  recombination  (fol¬ 
lowed  by  re-attachment).  The  relative  importance  of 
these  reactions  is  discussed  further  in  [12]  For  the 
remaining  equations  we  ignore  formation  of  higher-mass 
negative  ions  S,(n  >  1)  by  any  process  other  than  by 
polymerization  from  the  preceding  S,  ,  ion,  to  obtain 

dS,(t)/d(  =  /C.  ,  (t)  -  K„Sjn  -  (/„(/),  (5) 

The  function  represents  modulation-induced  loss 
rates  due  to  sheath  collapse,  which  are  considered  to  be 
large  relative  to  the  weak  transverse  diiTusion  losses 
from  between  the  electrodes  Time-averaging  over  a 
power  modulation  cycle  under  steady-stale  conditions 


and  adding  the  first  Af  equations  gives  the  mean  poly¬ 
silicon  hydride  anion  density 

(6) 

where  it  is  assumed  that  there  is  no  break  in  the 
polymerization  sequence  since  all  AC,  are  taken  to  be 
non-zero.  Equation  (6)  shows  that  the  time-averaged 
plasma  density  of  the  polymerized  negative  ion  Sf,  is 
determined  by  the  monosilicon  hydride  anion  produc¬ 
tion  rate,  the  polymerization  reaction  rate  Km  for  the  ion 
itself,  and  the  total  of  the  modulation-induced  losses  of 


Figure  3.  Dependence  of  (a)  positi/e  and  (b)  negative  ion 
signals  on  modulation  frequency.  Each  data  point  is 
averaged  over  300 cycles.  The  negative-ion  intensities  are 
divided  by  the  modulation  frequency  to  give  the  loss  counts 
per  cycle.  The  plasma  parameters  are  as  in  figure  2.  The 
calculated  frequency  deoendence  of  (c)  the  anion  loss  flux  is 
shown  tor  comparison,  along  with  (d)  the  estimated  anion 
densities  in  the  plasma. 
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all  the  preceding  negative  ions.  This  emphasises  the 
importance  of  power  modulation  for  controlling  the 
density  of  negative,  highly  polymerized  species  in  the 
plasma.  We  estimate  the  time  window  for  anion  loss 
during  afterglow  by  extrapolation  from  experimental 
data  as  a  function  of  modulation  frequency  and  anion 
mass  [1.^].  Steady-state  time-averaged  negative  ion  den¬ 
sities  for  a  given  modulation  frequency  are  determined 
by  iterating  equations  (4)  and  (S)  until  the  time-vari¬ 
ation  of  each  ion  density  is  the  same  in  successive  cycles. 
Values  for  y,  and  K,  were  self-consistently  chosen  so 
that  the  calculated  losses  gave  a  reasonable  fit  to  the 
experimental  data  [12]. 

Figures  3(a)  and  {b)  show  how  the  time-averaged 
negative-  and  positive-ion  signals  vary  with  modulation 
frequency.  Above  15  kHz  the  sheath  does  not  have  time 
to  collapse  sufficiently  for  any  negative  ions  to  escape. 
Figure  3(c)  shows  the  modelled  losses  for  comparison 
with  figure  3(6),  and  the  corresponding  calculated  anion 
densities  are  shown  in  figure  3(<y).  The  time-averaged 
negative-ion  densities  in  the  limits  of  high  and  low 
modulation  frequency  are  equal  and  half  of  the  continu¬ 
ous  plasma  values  for  a  50%  duty  cycle  [12].  In  the 
intermediate  frequency  range  around  1  kHz  the  densities 
decrease  strongly  for  the  higher  masses.  The  implica¬ 
tions  for  powder  formation  are  discussed  in  section  4. 

3,1  Light  scattering  results 

Figures  4(a)  and  (6)  show  the  measured  signals  with  the 
fitted  points  from  the  iteration  procedure  superposed. 
Figure  4(c)  shows  the  concomitant  particle  radius, 
number  density  and  refractive  index.  We  can  distinguish 
several  stages  of  particle  formation. 

For  the  first  35  s  after  plasma  ignition,  no  scattered 
signal  is  observable.  The  particle  precursors  and  nu- 
cleation  centres  are  below  the  detection  limit. 

From  35  to  50s,  only  perpendicularly  polarized  light 
is  measurable,  corresponding  to  Rayleigh  scattering:  the 
particle  radius  is  less  than  I5nm. 

From  50  to  80s,  the  fitting  procedure  gives  a  reason¬ 
able  fit  to  the  raw  data  (see  figure  4(a))  for  which  the 
corresponding  \n,  x,  N^]  values  arc  shown  in  figure  4(c). 

At  least  three  diffcrenl  refractive  index  values  arc 
necessary  to  describe  self-consistently  the  whole  particle 
evolution.  An  initial  rapid  increase  in  particle  radius  is 
accompanied  by  a  strong  decrease  in  number  density 
(50  53  s),  and  could  be  interpreted  as  an  agglomeration 
of  invisibly  small  particle  precursors.  These  particles 
show  a  high  refractive  index  [39].  A  particle  growth 
period  ensues  with  moderate  increase  in  radius  at  almost 
constant  number  density.  This  general  trend  of  an  early 
agglomeration  phase  followed  by  slow  particle  growth 
reproduces  the  observations  of  Bouchoule  and  boufendi 
[40],  and  the  final  number  density  is  comparable  to  that 
found  in  other  work  in  silane-containing  plasmas 
[15,18] 

As  the  particles  grow  further,  the  refractive  index 
tends  towards  that  of  amorphous  silicon  bulk  material. 
At  76s,  there  is  an  additional  change,  whereby  the  radii 


Figure  4.  Results  from  light-scattering  measurements 
during  powder  deveiopment  in  a  continuous  wave  plasma, 
(a)  The  lull  lines  are  measured  scattered  intensities 
(corrected  lor  extinction)  and  symbols  represent 
sell-consistent  fitted  data.  (6)  The  measured  transmitted 
power  fraction  W./kVo  and  polarization  degree  P.  (c)  The 
deduced  particle  radii,  number  density  and  refractive  index 
values  at  632.8  nm.  Pure  silane  at  0.1  mbar  and  30  MHz  with 
5W  continuous  wave  power  and  100°C  electrode 
temperature. 

increase  strongly  concurrently  with  a  fall  in  number 
density.  The  volume  fraction  of  powder,  defined  as 
fVp4arV3.  remains  approximately  constant  up  to  this 
time  and  so  this  appears  to  be  a  second  phase  of  particle 
aggregation.  This  is  supported  by  transmission  electron 
microscopy,  which  shows  both  single  smooth  spheres 
and  aggregates  of  spheres;  the  latter  having  semblance 
of  a  blackberry.  During  this  aggregation,  the  measured 
cross  polarization  intensity  '  becomes  non  negli¬ 
gible.  Assuming  that  multiple  scattering  can  be  neglect¬ 
ed,  this  indicates  that  the  particles  are  no  longer  purely 
spherical  [41];  the  fit  is  less  accurate  in  this  region. 
Finally,  the  scattered  intensities  for  both  polarizations 
fail  sharply,  coinciding  with  a  rise  in  transmitted  inten¬ 
sity  and  accompanied  by  strong  fluctuations  in  plasma 
light  emission.  This  is  due  to  instabilities  of  the  plasma 
powder  en.semt  le,  which  eject  powder  from  the  observa¬ 
tion  volume. 

3.2.1.  Pho.'oluminescence  measurements  were  carried  out 
for  the  first  time  on  particles  suspended  in  the  plasma  by 
illuminating  with  a  488  nm  argon  ion  laser  and  monitor¬ 
ing  the  spectrum  at  90  via  a  530 nm  high-pass  filter  and 
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optica!  multichannel  analyser  [24]  with  an  arrangement 
similar  to  figure  I.  The  visible  photoiuminescence  in 
figure  S  is  suggested  to  originate  from  quantum  confine¬ 
ment  eflects  in  nano-crystallites  [24]  and  as  such  is  a 
probe  for  the  particulate  structure.  The  spectral  shift 
with  time  as  shown  in  figure  5  reveals  an  evolution  in 
particle  morphology  during  its  formation. 

3.2.Z  Light  scattering  in  power-modulated  plasmas.  Fig¬ 
ure  6  shows  the  powder  onset  rate  (defined  as  the  inverse 
of  the  powder  appearance  time)  and  the  volume  of 
powder  material  in  the  horizontal  layer  at  the  position 
of  the  laser  beam  (estimated  from  the  product  of  volume 


fraction  and  layer  volume),  for  different  modulation 
frequencies.  Powder  formation  is  strongly  reduced  for 
modulation  frequencies  below  I  kHz,  in  agreement  with 
other  work  [8,  16-19], 

The  time-developments  of  ionic  species  and  scattered 
light  intensity  are  compared  in  figure  7(a)  for  a  square- 
wave  power-modulated  plasma  (50%  duty  cycle)  at 
2kHz  modulation  frequency.  Both  positive-  and  nega¬ 
tive-ion  fluxes  vary  on  a  slow  timescale  similar  to  the 
powder  appearance  time  of  16s  b  'ore  reaching  steady- 
state  levels.  Comparison  with  figuro  7(6),  for  a  10%  duty 
cycle  in  otherwise  identical  plasma  conditions,  shows 
that  the  negative-ion  flux  time-dependence  is  markedly 
different  in  the  absence  of  powder  formation  although 


Figure  5.  Photoiuminescence  spectra  from  particles 
suspended  in  a  pure  silane  plasma  for  different  times  during 
powder  development  after  plasma  ignition.  Incident  light  at 
488  nm  wavelength.  The  spectra  are  corrected  for  the 
spectral  response  of  the  detection  system  and  for 
background  plasma  emission.  Pure  silane  at  0  1  mbar, 

20  kHz  modulation  at  5  W  average  radiofrequency  power 
(30 MHz)  and  20°C  temperature. 


Figure  6.  fhe  powder  onset  rate  and  volume  of  powder 
material  suspended  in  the  plasma  as  a  functio  j  of 
square-wave  power  modulation  frequency,  compared  with 
values  in  the  continuous  wave  plasma.  The  powder  material 
volume  is  estimated  from  (/V(,4!tr’/3)  x  (powder  layer 
volume).  Pure  silane  at  0.1  mbar,  4  W  average  power  at 
30  MHz  and  100°C. 
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Figure  7.  Simultaneous  measurements  of  ion  fluxes  and 
powder  development  at  2  kHz  modulation  frequency  for  (a) 
50%  duty  cycle  and  (6)  1 0%  duty  cycle.  No  powder  Is  visible 
for  the  1 0%  duty  cycle.  Plasma  parameters  as  for  figure  6. 
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Figure  8.  Powder  onset  rate,  steady-state  scattered 
intensity  and  ion  fluxes  for  different  duty  cycles  at  2  kHz 
modulation  frequency.  Pure  silane  at  0.1  mbar.  4  W  average 
power  at  30  MHz  and  80°C. 
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the  positive-ion  flux  behaviour  is  relatively  unchanged. 
Figure  8  represents  the  steady-state  ion  fluxes,  the  total 
scattered  intensity  and  the  powder  onset  rate  for  a  range 
of  duty  cycles  at  2  kHz  modulation  frequency.  The 
negative-ion  loss  flux  is  again  anti-correlated  with  the 
scattered  light  intensity  and  powder  onset  rate,  all  of 
which  vary  strongly  compared  to  the  positive  ion  flux. 


4.  Discussion 

Particles  large  enough  to  be  visible  by  light  scattering 
form  in  the  rf  silane  plasma  only  after  many  seconds  as 
shown  in  figure  4  and  7.  This  delay  is  much  greater  than 
the  residence  time  for  positive  ions  or  neutrals  in  the 
discharge  region.  Negative  species  could,  however,  re¬ 
main  trapped  by  the  plasma  electric  potential  for  this 
duration  [9]  and  act  as  precursors  for  particle  growth. 

Figures  3  and  6,  using  a  simple  model  to  interpret 
the  experimental  measurements,  demonstrate  that  the 
negative-ion  density  in  the  plasma  is  correlated  with  the 
onset  rate  and  powder  quantity  above  1  kHz,  Extrapo¬ 
lation  to  higher-mass  negative  ions  in  figure  9  indicates 
that  the  macro-molecular  anion  densities  would  fall  to 
near  zero  for  a  wide  range  of  modulation  frequencies 
below  I  kHz.  This  is  because  the  plasma  periods  are  then 
too  short  for  the  polymerization  chain  to  propagate 
from  monosilicon  hydride  anions  to  highly  polymerized 
species  before  almost  all  of  the  low-mass  species  are  lost 
in  the  subsequent  ‘ofT  periods.  Equilibrium  between  the 
diminished  supply  from  preceding  negative  ions  and  the 


Figure  9.  Estimation  of  time-averaged  anion  densities,  as  a 
function  of  modulation  frequency,  extrapolated  to  anions 
containing  25  silicon  atoms  (polymerization  rates  assumed 
independent  of  size  for  anions  of  six  or  more  silicon  atoms). 
Insets  show  the  time-varying  density  during  a  modulation 
cycle  for  three  frequencies:  a*  100  Hz,  the  polymerization 
chain  has  Insufficient  time  to  propagate  to  the  highest 
masses;  at  1  kHz,  the  elementary  anions  are  lost  before 
significant  polymerization  can  occur;  and  at  20  kHz,  all 
anions  are  trapped  and  high  densities  are  reached. 


polymerization  of  the  polysilicon  hydride  anion  itself 
results  in  a  strongly  diminished  density  of  the  highly- 
polymerized  anions  (see  equation  (6)  and  figure  9). 
Above  I  kHz,  the  sheaths  do  not  fully  collapse  and 
high-mass  .negative  ions  reach  significant  densities.  At 
very  low  modulation  frequencies  [10],  the  polymeriz¬ 
ation  in  a  single  plasma  period  propagates  sufficiently 
far  (to  clusters  containing  perhaps  30  or  50  silicon 
atoms)  to  initiate  particle  growth.  The  onset  rate  in 
figure  6  is  a  measure  of  the  growth  rate  from  precursors 
to  detectable  particles  and  consequently  is  an  indication 
of  the  precursor  density.  Therefore  the  identification  of 
negative  ions  as  the  precursors  to  particle  formation 

[12.42]  is  consistent  with  experimental  observations  of 
powder  reduction  in  plasmas  modulated  at  kilohertz 
frequencies  [8,  10,  12,  .6,  17,  19,  42].  Similar  consider¬ 
ations  also  account  for  the  observations  in  figure  8.  Wc 
can  now  speculate  the  following  stages  of  particle  forma¬ 
tion. 

(i)  Dissociative  electron  attachment  on  silane  creates 
the  primary  monosilicon  hydride  anions.  Subsequent 
anion  chemical  reactions  with  silane,  radicals  or  positive 
ions  yield  highly  polymerized  structured  anionic  clusters 

[12.42] ,  which  are  singly  charged  and  arc  trapped  in  the 
discharge  by  the  rf  electrode  sheath  potentials  during 
continuous  plasma  operation.  These  anions  are  the 
precursors  to  cluster  formation  and  ultimately  lead  to 
particles;  such  processes  are  considered  in  the  recent 
theoretical  paper  by  Choi  and  Kushner  [43], 

(ii)  These  invisibly  small  negatively  charged  nano¬ 
particles  remain  trapped  in  the  plasma  and  continue  to 
grew  by  physico-chemical  accretion.  The  nano-particles 
undergo  an  agglomeration  phase  and  become  large 
enough  to  be  visible  by  light  scattering  (figure  4). 

(iii)  At  some  point  during  particle  growth  [9,  33,  34], 
equilibrium  of  electron  and  ion  fluxes  to  its  surface 
results  in  a  multiple  electronic  surface  charge  and  a 
sheath  forms  around  the  particle.  Probably  because  the 
resultant  micro-particles  are  composites  of  structured 
nano-particles,  they  exhibit  properties  different  from 
those  of  the  bulk  material,  such  as  a  high  refractive 
ir.dex  [44,45]  and  visible  photoluminescence  [24]  (sec 
figure  4(( )  and  5).  Particles  continue  to  develop  further 
by  processes  analogous  to  film  growth  leading  to  par¬ 
ticles  with  a-Si :  H  properties. 

For  plasma  processing  applic.<tions,  restriction  of 
polymerization  to  low-mass  anions  could  conceivably 
suppress  particulate  contamination  and  improve  deposi¬ 
tion  efficiency.  Alternatively  to  power  modulation,  this 
could  perhaps  be  achieved  by  illuminating  the  plasma 
[32]  with  pholodetaching  radiation. 


5.  Conclusions 

The  genesis  and  growth  of  particles  in  ,<i  silane  plasmas 
has  been  investigated  by  a  combination  of  light  scatter¬ 
ing  (for  a  self-consistent  determination  of  particle  size, 
number  density  and  refractive  index)  and  ion  mass 
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spectrometry.  Time-resolved  measurements  of  negative 
ion  fluxes  are  interpreted  in  terms  of  a  polymerization 
scheme.  Based  on  this,  a  simple  model  shows  that  anion 
cluster  densities  are  depressed  for  the  kilohertz  range  of 
power  modulation  frequencies  corresponding  to  ob¬ 
served  powder  reduction.  In  addition,  the  observations 
that  negative  ions  reaeh  high  masses  and  are  the  only 
species  with  a  residence  time  on  the  scale  of  the  powder 
growth  time  combine  to  show  that  negative  ions  arc  the 
precursors  to  particulate  formation.  Light-scattering  di¬ 
agnostics  demonstrate  that  particle  evolution  proceeds 
by  an  agglomeration  phase  and  that  the  particles  exhibit 
properties  different  from  those  of  the  bulk  material,  such 
as  a  high  refractive  index  and  visible  photoluininescence. 
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Abstract.  Formation  processes  of  particulates  in  radiofrequency  power-modulated 
SiH.  discharges  have  been  studied  using  two  kinds  of  laser  light  scattering,  a 
modified  Langmuir  probe  and  absorption  methods.  The  results  suggest  that 
particulates  are  formed  by  three  phases  of  nucleation,  rapid  growth  and  growth 
saturation.  In  the  nucleation  phase,  the  formation  may  be  caused  by  short-litelime 
radicals  such  as  SiH^,  SiH,  or  Si.  In  the  rapid  growth  phase,  SiH;  (;;  =  0  3)  ions 
and/or  SiH,  radicals  seem  to  make  an  important  contribution  to  particulate  growth,  if 
only  direct  influx  of  the  particles  onto  a  particulato  is  taken  into  account.  In  the  grow.h 
saturation  phase,  the  saturation  may  be  explained  by  taking  into  account  the 
decrease  in  enhancement  factor  of  the  ion-collecting  areas  of  particulates  and  the 
increase  in  their  loss  due  to  the  reduction  of  ambipolar  field  in  tt.e  periphciy  of  the 
discharge  column.  Power  modulation  in  SiH.  radiofrequency  discharges  is  found  to 
be  practically  very  effective  lor  decreasing  the  sizes  ol  particulates. 


1.  Introduction 

Since  particulates  in  processing  plasmas  are  serious 
obstacles  to  microelectronics  rabricalion,  great  aticnlion 
has  been  placed  on  clarifying  their  formation  kinetics 
and  suppressing  their  growth  [I  7J,  We  have  shown 
that,  concerning  Ri  silane  (SiH.)  plasmas,  a  power- 
modulation  method  is  useful  not  only  for  suppressing 
the  growth  of  particulates  but  also  in  studying  their 
formatiim  kinetics  [.t  7]  Our  work  has  been  carried  out 
using  two  laser  light  scattering  (LLS)  n.ethods  co¬ 
operatively.  They  have  given  the  interesting  result  ihat 
particulates  grow  rapidly  in  a  short  perioil  after  turning 
on  the  m  power  and  arc  localized  around  th-  sheath 
edge  The  results  have  revealed  some  features  concerning 
the  growth  processes  of  particulates  and  the  forces 
exerted  on  them. 

While  the  LLS  methods  arc  useful  for  observing  the 
behaviour  of  particulates  in  miu.  ihey  give  information 
only  on  those  above  a  few'  tens  of  nanomctics  in  si/c. 
Hence,  another  method  is  necessary  to  gai.i  in  ight  into 
their  early  formation  processes,  W'-  have  recently  pio- 
poseil  a  modified  I  angrnuir  probe  method  for  ifiis 
purpose,  which  detects  clusterdike  small  particulates, 
formed  during  a  Ri  piswer-on  period,  as  negative  ions  in 
a  subsequent  RI  power  ofl  period  [X.9].  Preliminary 
measurements  using  this  method  have  gi.en  some  re- 


suTs  supporting  our  previous  speculation  that  particle 
species  contributing  to  particulate  nucleation  may  be 
short-lifetime  radicals  such  as  Sitl,  In  -■  I)  2),  Moti¬ 
vated  by  these  usults,  we  have  been  interested  in 
measuring  spatial  proliles  of  radical  species,  especially 
ones  of  short  lifetime,  in  the  power-modulated  Rf  dis¬ 
charge.  Recently,  as  the  first  step,  an  absorption  method 
has  been  applied  to  Si  radicals.  The  results  have  shown 
an  mtercsling  close  correlation  between  their  spatial 
density  profiles  and  ihose  of  particulates  [ID]. 

We  have  also  been  interested  in  the  formation  pro¬ 
cesses  of  particulates  after  their  rapid  growth,  because 
their  sizes  are  in  the  submicromctre  to  micrometre  range 
for  conventional  lw  ri  SiH.  plasmas,  which  is  not  so 
' a rgc  compared  with  those  observed  in  our  work.  Thus, 
observation  using  the  i  ts  methods  ha  been  performed 
by  prolonging  the  Ri  power-on  period,  file  results  show 
saturation  of  iiarlictilale  growth  tis  expiected. 

We  have  pointed  out  that  the  t.i.s  intensity  m  the  ri 
silar.e  discharge  is  suppressed  by  the  RI  power  modula¬ 
tion,  suggesting  a  decrease  m  parlieulale  amount  [.f], 
.Size  and  density  of  particulates  have  recently  been 
ineasiircd  separately  as  parameters  of  the  duty  cycle 
( Idj.  The  results  show  that  particle  sizes  decrease  with 
decreasing  duty  eyele  as  predicted. 

In  this  paper,  we  present  some  results  from  a  scries 
of  recem  experiments  carried  out  using  RI  power 
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modulated  SiH^  discharges,  and,  based  on  these  results, 
discuss  formation  processes  of  particulates. 


Particulate  formation  In  He  -SI, discharge 


2.  Experimental 

Experiments  were  carried  out  using  two  types  of  conven¬ 
tional  parallel  plate  rf  reactors,  A  and  B,  which  have 
been  described  elsewhere  in  detail  [6, 8],  For  type  A, 
stainless  steel  plane  electrodes  10  cm  in  diameter  were 
placed  at  a  separation  of  4.3  cm  in  a  stainless  steel 
reactor  .30  cm  in  diameter.  Reactor  A  was  employed  for 
both  LLS  measurements  to  observe  particulate  behaviour 
and  density  measurements  of  Si  radicals.  For  the  lls 
measurements,  5%  SiH,  He  gas  was  used  and  an  rf 
power  of  20,  30  or  40  W  was  supplied  during  an  rf 
powci  -on  period  =  2  8  s  at  intervals  of  rf  power-off 
period  Taft  =  30- 60s.  For  the  Si  density  measurements. 
10%  SiH^-Ar  gas  was  used  and  rf  power  SOW  was 
supplied  during  0.08  s  at  intervals  7^„=  0.08  s. 

For  type  B,  a  Pyrex  glass  tube  9.45  cm  in  inner  diameter 
was  employed  as  a  discharge  vessel  and  stainless  steel 
plane  electrodes  8.5  cm  in  diameter  were  placed  at  a 
distan  ;  of  6.5  cm.  Reactor  B  was  employed  to  study  the 
growth  process  of  small  particulates  in  their  early  forma¬ 
tion  phase.  The  gas  used  was  0.5%  SiH,  He  and  it  was 
fed  from  the  rf  electrode  toward  the  grounded  one  at  a 
flow  rate  of  10  I70sccm.  A  rf  power  of  60  W  was 
supplied  during  7^„  =  0.02  1  s  at  intervals  t;,,  >  60  s. 
The  Langmuir  probe  used  was  0.6  mm  in  diameter  and 
3  mni  :n  length  and  was  movable  between  the  electrodes. 
Two  probe  currents  were  detected  at  its  bias  potentials  of 
t27  V  to  the  plasma  potential  1  ms  after  rf  power  was 
.'urned  off.  The  square  of  the  ratio  between  these  currents 
is  considered  to  give  the  ratio  between  the  mass  of  small 
p.irticulates,  M  and  that  of  positive  ions,  M,  [8]. 

The  particulate  behaviour  was  observed  using  two  lls 
methods,  as  reported  elsewhere  in  detail  [6].  They  give 
time  evolutions  of  spatial  profiles  of  two-dimensional  lls 
i.uensity  and  the  size  and  density  of  particulates.  Spatial  Si 
density  profiles  were  measured  by  the  absorption  method, 
using  a  spectral  line  (288.2  nm)  from  a  Si  hollow  cathode 
Ian  p.  Sh'Xt-like  light  20  mm  in  width  chopped  at  25  Hz 
was  passed  parallel  to  the  electrode  surfaces  twice.  Spatial 
rest  lution  along  the  discharge  axis  was  about  5  mm. 
Measurements  were  performed  during  a  period  in  which 
the  line  absorption  was  not  aflected  by  particulates  [10]. 


C  Results 

We  have  already  reported  the  particulate  behavior  for 
^on  —  2s  [6.7],  Figure  1  shows  a  typical  spati.nl  profile 
c  f  particulate  size  and  density  obtained.  The  main  points 
arc  summarized  as  follows:  particulates  begin  to  be 
o  tserved  around  the  sheath  edge  near  the  rf  electrode; 
particulate  size  and  density  amount  to  60  180  nm  and 
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FIgurs  1.  Spatial  distributions  of  particle  size  and  density 
between  electrodes  on  discharge  column  axis  at  I  -  0.8  and 
2  s  after  discharge  initiation.  7^  =  2  s,  40W,  5%  SIH,  He, 
30  seem,  80  Pa. 


10“  10“  cm  ’  during  a  short  time  of  1  2  s  after  the  rf 
power  being  turned  on;  and  particulates  of  a  larger  size 
reside  in  a  higher  DC  field  region  near  the  electrodes. 
Based  on  these  results,  qualitative  discussion  has  been 
given  on  the  formation  processes  of  particulates  [6, 7]. 

To  discuss  the  processes  of  interest  in  more  detail,  we 
need  information  on  the  growth  of  smaller  particulates 
in  their  early  nucleation  phase.  For  this  purpose,  Lang¬ 
muir  probe  and  Si  line  absorption  measurements  have 
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Figure  2.  Spatial  distributions  of  M  ;M,  for  7^  =  20  ms  (a), 
1()0  ms  (b),  200  ms  (c),  500  ms  (d)  and  10(X)  ms  (e).  BOW, 
0.5%  SIH,  He,  1 0  seem,  80  Pa. 
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Figure  3.  Spatial  piofiles  of  SI  density.  Si  288.2  nm  intensity 
and  laser  light  scattering  intensity  between  electrodes. 

L,  =  T„„--=aO  ms,  80  W,  10%  SIH^  Ar,  20  seem,  13  Pa. 


been  carried  out  [8,9].  Figures  2(a)  (e)  show  spatial 
distributions  of  M./M^  deduced  froni  the  ratio  be¬ 
tween  the  negative  and  positive  ion  currents  as  a  func¬ 
tion  of  T„„.  It  can  be  seen  that  the  ratio  M 
increases  with  and  becomes  large  in  the  sheath  edge 
region  15  20  mm  away  from  the  rk  electrode.  This  ’.rend 
of  localization  becomes  weak  with  increasing  gas  flow 
rate  and,  at  a  high  flow  rate  over  about  150  seem,  the 
region  of  large  M  +  /M.  tends  to  shift  downstream  (not 
shown).  Figure  3  shows  spatial  profiles  of  Si  density 


together  with  those  of  Si  emission  and  u.s  intensities. 
One  can  see  that  the  Si  density  is  high  around  the  region 
where  particulates  are  localized  and  its  profile  is  also 
very  similar  to  that  of  the  Si  emission. 

To  study  the  formation  processes  of  particulates  for 
RF  power-on  periods  longer  than  T^„  =  2s,  time  evol¬ 
utions  of  the  particulate  behaviour  were  observed  using 
the  LLS  methods  in  the  range  2  s  ^  <  8  s  [10].  Figure 

4  shows  time  evolutions  of  the  spatial  lls  intensity 
distribution  (contours)  between  electrodes  for  7^„  =  4  s. 
One  can  see  that  particulate  amonms  are  predominantly 
rich  around  the  sheath  edges  near  the  electrode,  es¬ 
pecially  the  RF  electrode.  Just  after  the  RF  power  is 
turned  oh',  a  group  of  particulates  move  toward  the 
grounded  electrode  and  then  downstream  {right-hand 
side  of  figure  4)  with  the  gas  flow.  Thus,  spatial  profiles 
of  particulate  amounts  for  =  4s  are  quite  similar  to 
those  for  T„„  =  2s  reported  previously,  except  that  their 
intensity  seems  to  saturate  for  r  2  s.  Figures  .5(u)  and 
(/>)  show  LI  S  intensities  and  particulate  sizes  around  the 
sheath  edge  of  the  RF  electrode  under  the  same  condi¬ 
tions:  as  in  figure  4.  It  can  be  clearly  seen  that  particu¬ 
late  growth  tends  to  saturate  after  (ar2s.  In  our 
experiment,  on  decreasing  the  at  power,  the  growth  rate 
in  the  rapid  growth  phase  decreased  while  the  saturated 
sizes  were  almost  constant  (not  shown). 

The  LLS  intensity  measurements  were  also  carried 
out  as  a  function  of  gas  flow  rate.  It  can  be  seen  in 
figures  6(a)  and  (h)  that  the  particulate  amount  becomes 
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Figure  4.  Time  evolutions  of  laser  light  scattering  iritensity  distribution 
(contours)  for  F,,,  =»  4  s.  Relative  intensity  of  each  conti  .ir  is  shown 
beside  the  radiofrequency  electrode  in  each  part.  eO'JV,  5%  SiH,  He. 
30  seem,  80  Pa  The  laser  beam  Is  passed  from  light  to  left  at  an  angle  of 
135  to  the  gas  flow. 
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Figure  5.  Time  evolutions  of  laser  light  scattering  intjnsity 
(a)  and  particulate  size  d  (d)  34  42  mm  atwve  the  grounded 
electrode  after  the  radiofrequency  power  has  been  turned  on 
for  is.  40  W,  5%  SiH4-He,  30  seem,  80 Pa. 

rich  in  the  downstream  region,  increasing  with  gas  flow 
rate,  and  furtner,  that  the  sizes  become  large  in  the 
downstream  region. 

We  have  proposed  rk  power-modulation  method 
to  suppress  the  particulate  growth  and  siiown  that  it 
brings  about  a  drastic  decrease  i.i  LLS  intensity.  To  verify 
this  eiTect  more  quantitatively,  dependences  of  the  spa¬ 
tial  LLS  intensity  distribution  ana  particulate  size  on 
duty  cycle  were  investigated  [10],  Figure  7  shows  spatial 
LLS  intensity  profiles  1.4  s  after  the  RF  power  has  been 
turned  on  as  a  parameter  of  duty  cycle  D.  For  D  -  20%, 
the  LLS  intensity  was  too  low  to  be  observed.  Decrease  In 
D  makes  the  high  intensity  region  shift  away  from  the  RF 
electrode,  and  brings  about  a  significtint  decrease  in 
particulate  amount.  Figure  8  shows  the  dependence  of 
the  particulate  size  on  D.  It  can  be  seen  that  the  size 
becomes  considerably  decreased  with  decrease  in  D. 


4.  Discussion 

As  shown  in  figure  1,  particulates  are  n  ainly  observed 
around  the  sheath  edge  on  the  rf  elec  rode  side  and 
those  of  a  larger  size  reside  in  a  higher  ik'  field  part  of 
the  region.  This  spati,.!  size  distribution  can  be  e»- 
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Figure  6.  (a)  Laser  light  scattering  intensity  distributions 
(contoiiis)  4  s  after  the  radiofrequency  power  has  been 
turned  on  tor  7^  =  8  s.  (b)  Time  evolutions  of  particulate  size 
cf  at  1  mm  below  the  radiolrequency  electrode  lor  positions 
28  mm  upstream  (A).  0  mm  (8)  and  28  mm  downstream  (C) 
from  the  cen're  for  is:  40  W,  5%  SiH,  He,  60  seem, 
80  Pa. 


plained  by  the  balance  between  electrostatic  and  ion 


Figure  7.  Laser  light  scattering  intensity  profiles  between 
electrodes  at  1 .4  s  after  the  radiofrequency  power  has  been 
turned  on  lor  D  ==  40,  60  and  100%.  40  W,  5‘ .  SiH,  He, 

30  seem,  80  Pa. 
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FIg'j'*  8.  Duty-cycleKJependence  of  range  of  particuiate 
size  d  in  the  discharge  space  at  /  -  ?  s.  r„  -  2  s,  40  W.  5'’'', 
SiH,-He,  30  seem,  80  Pa. 


dri>g  forces  [11].  Further,  it  has  bee-.i  established  that 
the  relevant  or  held  becomes  high  with  increasing 
particulate  amount,  that  is,  particulate  growth  [13]. 
These  facts  mean  that  information  on  the  growth  of 
particulates  can  be  obtained  in  situ  by  observi.ig  their 
behaviour  in  the  higher  tx'  field  part.  From  figures  1,  2, 
4  and  5,  on  the  basis  of  such  a  standpoint,  it  can  be 
suggested  that  the  formation  processes  of  interest  are 
composed  of  three  phases,  namely  nucication,  rapid 
growth  and  growth  saturation 

First,  we  shall  discuss  the  nucleation  phase  based  on 
the  results  shown  in  figures  2  and  3.  Concerning  small 
particulates  detected  as  negative  ions  using  the  prooe, 
those  around  the  sheath  edge  are  considered  to  be 
electrically  neutral  during  the  rf  power-on  t/eriod,  be¬ 
cause  negatively  charged  ones  would  in  this  period  be 
pushed  toward  the  plasma  bulk  region  by  the  w  field 
developed  in  front  of  the  rf  electrode,  and,  on  the  other 
hand,  those  in  the  plasma  bulk  region  may  be  already 
charged  up  during  this  period.  Hence,  the  result  in 
figures  2(a)  (e)  that  small  particulates  grow  while  local¬ 
ized  in  the  sheath  edge  region  is  interpreted  as  showing 
that  they  are  ruclcaled  and  grow  there  without  being 
charged  Further,  in  figure  3.  the  localized  profiles  are 
very  similar  not  only  to  the  Si  density  profile  but  also  to 
that  of  Si  emission,  which  is  closely  related  to  produc¬ 
tion  of  Si  radicals.  This  means  that  the  density  of  Si 
radicals  becomes  high  or.iy  in  their  production  region, 
because  of  their  high  reactivity.  Actually,  taking  into 
account  recent  data  on  Si  reaction  rates  [14],  Si  radicals 
are  estimated  to  diffuse  only  about  0.01  mm  at  most 
before  they  react  with  EiH*.  Figure  3  also  shows  that  the 
high  LLS  intensity  region  is  located  around  the  high- 
density  region  for  Si  radicals.  While  our  present  radical 
density  measurements  are  carried  oul  only  for  Si  atoms, 
the  other  shorl-lifcfine  radicals,  S'Hj  and  SiH,  a'’c  also 
expected  to  have  sim'lar  spatial  profiles.  From  the 
examination  above,  it  is  si'-ongly  suggested  that  short- 
lifetime  radicals  SiH,  in  =  0  2)  mainly  contribute  to 
formation  in  the  nucication  phase,  while  ,t  is  not  yet 
clear  whicii  one  is  more  important  among  them.  As 


formation  reactions  related  to  such  radicals  in  this 
phase,  those  between  there  species  and  SiH^  may  be 
promising. 

Particle  species  contributing  to  formation  in  the 
rapid  growth  phase  can  be  picked  up,  taking  into 
account  their  influx  to  a  particulate.  A  particulate  over 
a  few  nanometres  in  size  tends  to  be  charged  up  nega¬ 
tively  in  a  plasma  and  hence  its  positive-ion  collection 
area  is  estimated  to  be  enhanced  by  a  factor  of  (1  -  F,/ 
T,)  using  the  orbital  theory  of  a  Langmuir  probe  [IS], 
where  F,(<0)  <4  the  floating  potential  of  the  particulate 
and  Tf.  the  positive-ion  temperature  in  volts.  In  conven¬ 
tional  RF  plasmas,  it  is  possible  that  this  factor  amounts 
to  200-300,  which  is  large  enough  to  account  for  the 
high  growth  rate  ol  interest.  Positive  ions  reaching  the 
particulate  surface  may  be  changed  to  neutral  radicals 
by  recombining  with  electrons  accompanying  them 
and/or  present  on  the  surface.  Neutral  radicals  can 
contribute  to  particulate  growth  by  their  thermal 
motion.  The  growth  rates  from  these  particle  species  are 
estimated  assuming  relevant  parametei  values,  resulting 
in  I40nms"'  for  positive  ions,  <3nm  s"'  for  SiH, 
(n  =  0  2)  and  <  20  nm  s  '  for  SiH  j.  Such  examination 
shows  that  densities  of  SiH,*  (n  =9  3;  and/or  SiHj  arc 
high  enough  to  explain  tiie  growth  rote  in  the  rapid 
growth  phase  [II].  The  hf  power  dependence  of  the 
growth  described  in  section  3  may  be  explained  by  the 
similar  power- Icpcndencs  of  the  ion  and/or  radical 
densities  generated  in  rf  discharges,  in  the  above  con¬ 
sideration,  only  direct  influx  of  the  particles  onto  a 
particulate  is  taken  into  account.  It  is  necessary,  for 
more  precise  aigumeni,  to  get  information  on  the  numb¬ 
er  of  chai-ge.,  on  a  particulate  and  on  coagulation  of 
particulates. 

Next,  we  shall  discuss  the  growth  saturation  phase. 
The  growth  of  particulates  depends  on  both  the  particle 
influx  to  l.hem  and  their  loss  oul  of  the  discharge  space. 
We  have  pointed  out  above  lhai  SiH,*  (n  =  0  3)  ions 
and/or  SiH,  radicals  may  play  an  important  role  in  the 
rapid  growth  phase.  If  mainly  the  ions  contribute,  then 
enhancement  of  the  collection  arc-"  should  decrease  with 
particulate  growih.  Estimation  of  the  enharcement  fac¬ 
tor  gives  that  it  decreases  by  about  one  order  or  more 
during  growth  of  particulates  in  a  range  of  density  ratio 
between  them  and  ions  of  0.02  0.2  in  oiir  case  [1 1].  For 
SiHj,  on  the  other  hand,  there  is  no  mechanisni  to 
suppress  their  influx. 

Particulate  ioss  may  be  closely  related  to  balance 
between  the  drag  force  due  to  the  gas  How  and  the 
electrostatic  force  due  to  the  ambipolar  field  in  the 
periphery  of  the  discharge  column.  For  reactor  .A,  which 
has  gas  flow  parallel  to  the  electrodes,  the  two  forces  are 
opposite  to  each  other  in  the  downstream  region  of 
interest.  Particulcte  loss  is  considered  to  increase  with 
particulate  growih  for  the  following  reason:  for  a  plasma 
composed  of  positive  ions,  negative  ions  (or  nega'ively 
charged  parti-'ulalc:;)  and  electrons,  diffusion  of  elec¬ 
trons  becomes  very  fast  relative  to  that  of  negative  and 
positive  ions,  when  the  oensity  ratio  between  negative 
and  positive  ions  is  close  to  or  larger  than  unity  during 
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particulate  growth  [16],  As  the  dilTusion  o(  electrons 
becomes  free  from  positive  and  negative  ions,  the  am- 
bipolar  field  tend;  to  be  dominated  by  diffusion  of 
negative  and  positive  ions,  leading  to  the  decrease  in 
itself;  the  decrease  in  ambipolar  field  weakens  the  elec¬ 
trostatic  force  and  hence  brings  about  the  increase  in 
particulate  loss  due  to  gas  flow.  The  results  in  figures 
6((])  and  (6)  show  that  the  gas  flow  drives  particulates 
downstream.  An  overaM  particulate  amount  evaluated 
by  integrating  a  spatial  lls  intensity  distribution  at  a 
particular  time  throughout  the  discharge  space  tends  to 
decrease  with  increasing  gas  flow  rate.  The  above  loss 
mechanism  also  seems  to  be  supported  by  the  experi¬ 
mental  result,  described  in  the  last  section,  that  the  .size 
of  particulates  in  the  saturated  phase  is  almost  indepen¬ 
dent  of  RF  power  for  a  given  flow  rate. 

Finally,  the  effect  of  rf  power  modulation  is  dis¬ 
cussed.  The  results  in  figures  7  and  8  show  that  modu¬ 
lation  is  really  effective  in  decreasing  not  only  the 
amount  of  particulates  throughout  the  discharge  space 
but  also  their  size.  From  the  balance  between  the  elec¬ 
trostatic  and  ion  drag  forces,  particulates  of  smaller  size 
should  reside  far  away  from  the  rf  electrode.  Further,  as 
observed  in  figure  4,  particulates  tend  to  move  toward 
the  bulk  plasma  region  just  after  the  rf  power  is  turned 
off.  These  phenomena  are  considered  to  be  related  to  the 
shift  of  the  high-LLS-intensity  region  toward  the  bulk 
plasma  region  with  the  decrease  in  duty  cycle  shown  in 
figure  7. 


5.  Conclusions 

From  the  experimental  studies,  formation  processes  of 
particulates  in  SiHj,  rf  plasmas  have  been  found  to 
grow  through  nucleation,  rapid  growth  and  growth 
saturation  phases.  Initially,  particulates  arc  considered 
to  be  formed  by  short-lifetime  radicals,  SiHj,  SiH  or  Si. 
The  subsequent  rapid  growth  seems  to  be  explained  by 
the  contribution  of  SiH,*  (it  =  0  .1)  and/or  SiH  „  if  only 
direct  influx  of  the  particles  onto  a  particulate  is  taken 
into  account.  As  particulates  grow,  the  enhancement 
factor  of  their  ion-collecting  area  decreases  and  also  the 
ambipolar  field  in  the  periphery  of  Ihc  discharge  column 
is  weakened.  These  two  factors  related  to  the  growth  of 


particulates  may  bring  about  their  growth  saturation. 
The  rf  power  modulation  has  been  found  to  be  really 
effective  in  decreasing  the  size  of  particulates. 
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Abstract  Dust  generation  in  plasma  reactors  used  for  pecvo  is  a  general  limiting 
effect  which  occurs  when  trying  to  obtain  high  deposition  rates  in  the  fabrication  of 
thin  films.  In  such  dust-forming  processes,  for  instance  silane  discharges,  very  high 
concentrations  of  submicrometre  sired  particulates  are  readily  produced.  The 
theoretical  approach  and  the  modelling  of  these  dusty  dense  plasmas  suggest  that 
they  have  very  peculiar  properties  with  spectacular  effects  concerning  the  plasma 
equilibrium  and  the  behaviour  of  the  particulate  cloud. 

Well  characterized  dusty  dense  plasma  situations  have  been  obtained  in 
argon-silane  or  in  pure  argon  rf  discharges  and  experimental  data  obtained  in  these 
situations  are  reported  here,  in  connection  with  the  theoretical  predictions. 

In  terms  of  plasma  properties  the  drastic  modification  of  the  tree  electron 
population,  induced  by  the  presence  of  the  particles,  is  one  of  the  most  important 
results,  with  significant  effects  on  the  chemical  equilibrium  of  the  plasma. 

In  terms  of  the  particle  cloud  behaviour  the  strong  electrostatic  interaction  between 
the  negatively  charged  particulates  is  shown  to  be  an  order  of  magnitude  higher  than 
their  kinetic  energy  and  this  particle  cloud  has  to  be  described  as  a  'Coulomb  liquid’. 

An  overview  of  our  experimental  studies  of  these  effects  in  a  dusty  dense  plasma 
situation  is  given,  including  the  most  recent  results. 


1.  Introduction 

In  a  companion  paper  (Boufendi  et  at)  [I]  the  growth 
kinetics  of  particles  in  a  RF  argon  silane  plasma  arc 
described  for  particle  sizes  from  2  nm  to  a  few  l(X)nm. 
The  experimental  set-up,  as  well  as  the  diagnostics 
developed  for  particle  characterization  (size  and  concen¬ 
tration)  are  given  in  that  paper. 

This  contribution  will  discuss  the  eifccts  of  this  dusty 
situation  on  the  plasma  and  discharge  properties  and 
the  particle  particle  interactions  in  the  cloud.  Dusty 
dense  plasmas  have  already  been  observed  and  studied 
in  various  experimental  situations  [2  4],  so  a  specific 
purpose  of  the  present  work  was  to  take  advantage  of 
the  well  defined  conditions  obtained  in  our  reactor  (in 
terms  of  particulate  cloud  characterization)  for  a  more 
precise  evaluation  of  the  dusty  plasmas  properties,  in 
connection  with  theoretical  predictions. 

The  results  concerning  the  effects  of  the  dust  on  the 
RF  discharge  piO|serties  and  the  particle  particle  inter¬ 
actions  will  be  summarized  here  as  they  have  already 
been  published  elsewhere. 

New  results  on  the  evolution  of  the  plasma  proper¬ 
ties  when  the  particles  are  growing  in  size  will  be 
described  in  more  detail  in  this  contribution.  Tticy  have 


been  obtained  by  using  time-resolved  optical  emission 
spectroscopy  and  mass  spectrometry.  The  variation  of 
the  free  electron  concentration  associated  with  the  pris¬ 
tine  dusty  plasma  transition  is  determined  by  a  micro- 
wave  diagnostic  technique. 

As  the  particle  size  kinetics  are  known,  this  study  adds 
complementary  knowledge  to  the  connection  between  the 
particle  size  and  the  induced  effect .  on  the  plasma  properties. 

These  effects,  in  terms  of  plasma  properties,  are 
observed  when  the  particle  size  is  significantly  larger 
than  the  initial  clusters  of  a  few  nanometres  and  occurs 
in  the  coagulation  step  of  the  growth  of  the  particles  (as 
shown  in  the  companion  pa[x;r). 

The  dusty  situation  is  characterized  by  a  severe  drop 
in  free  electron  concentration  and  a  strong  enhancement 
of  their  mean  energy,  such  that  an  important  overall 
enhancement  of  the  excitation  and  dissociation  rates  is 
observed  in  the  plasma. 

As  our  results  will  be  compared  with  theoretical 
predictions  of  cloudy  plasma  behaviour  some  of  the 
relevant  theoretical  works  will  be  briefly  reviewed  in 
section  2  with  a  particular  emphasis  on  the  points  v/hcre 
comparison  with  experimental  data  has  been  made. 

In  section  2  the  transition  of  the  plasma  properties 
from  a  pristine  to  a  dusty  situation  is  studied  experimen¬ 
tally  and  compared  to  model  predictions 
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Finally,  in  section  4  an  overview  of  particle  -  particle 
interactions  as  observed  experimentally  and  previously 
reported  will  be  presented. 


2.  Theoretical  considerations 

Many  theoretical  studies  of  dusty  plasma  media  have 
already  been  published,  including  analytical  and  statis¬ 
tical  Monte  Carlo  simulations.  These  studies  are  con¬ 
nected  to  typical  situations  relevant  to  laboratory 
discharges  and  extraterrestrial  plasmas  and  concern  sev¬ 
eral  physical  problems  such  as: 

(i)  the  electrostatic  equilibrium  of  a  single  particle 
with  respect  to  the  incident  charge  flux  from  a  given 
plasma  medium,  and  size  dependent  effects  [5,6]; 

(ii)  the  effects  of  other  processes  (e.g.  electron  photo- 
emission)  on  this  equilibrium  [7]; 

(ill)  the  effects  of  particle  concentration  on  the 
plasma  particle  equilibrium  and  particle  particle  inter¬ 
actions  [8, 9]; 

(iv)  the  collective  properties  (fluctuations,  wave 
propagation)  which  are  of  most  recent  interest  [II]  (see 
Tsytovich  [10]). 

A  brief  review  is  given  here,  with  particular  emphasis  on 
the  plasma  particle  equilibrium  and  panicle  particle 
interactions  in  the  situation  of  ‘dusty  dense  plasmas'. 

2.1.  Electrostatic  equilibrium  of  a  single  particle 
immersed  in  a  plasma 

This  equilibrium  has  been  studied  in  a  broad  range  of 
situations.  The  problem  is  treated  through  the  theory  of 
a  spherical  Langmuir  probe  in  the  zero  mean  total 
current  (floating  potential)  condition. 

Illustrative  examples  are  given  by  the  study  of  the 
structure  of  the  sheath  surrounding  a  particle  in  a  given, 
otherwise  unaffected,  plasma  ambiance  [5]  and  by  the 
study  of  the  influence  of  the  collision-induced  fapping 
effects  of  ions  around  a  negatively  charged  particle  [6]. 

In  the  first  study  the  effective  screening  radius 
around  the  particle  was  shown  to  be  a  sensitive  function 
of  the  particle  radius.  It  varies  from  the  order  of  an  ionic 
Oebye  length  when  the  particle  radius  is  much  smaller 
than  this  characteristic  length  to  the  order  of  several 
times  an  electronic  Debye  length  when  the  p„rticlc  size 
becomes  much  larger.  In  typical  low-prc?',sure  discharge 
plasmas  of  interest  here  (concentrations  n,  =  = 

^  10'®  cm"',  electronic  temperature  ~2eV,  ionic  tem¬ 
perature  <0.06  eV  (argon))  this  critical  radius  is  of  the 
order  of  50  pm.  This  value  is  much  larger  than  the 
particle  sizes  commonly  present  in  plasma  reac'ors.  so 
the  ionic  Debye  length  gives  the  right  ordef  of  magni¬ 
tude  of  the  extent  r,  of  the  sheath  surrounding  a  particle. 

In  the  second  study  it  is  shown  that  the  trapping 
effects  could  play  an  important  role  in  laboratory  dis¬ 
charge  conditions  and  this  would  have  an  important 
consequence  foi  the  force  exerted  on  a  ‘dressed  particle' 
by  a  macroscopic  electric  field  [12]. 


However  one  question  remains  to  be  addressed:  for 
given  plasma  conditions  a  critical  particle  size  must  exist 
below  which  these  studies  are  no  longer  valid  to  describe 
properly  the  actual  time-varying  charge  of  the  particles. 
When  the  fluctuations  of  the  charge  supported  by  the 
particle  exceed  its  mean  value  (with,  therefore,  possible 
change  of  the  sign  of  this  net  charge)  the  description  of 
these  fluctuations  becomes  of  prime  importance  in  order 
to  describe  the  particle  particle  interactions  properly 
(e.g.  the  coagulation  processes  in  the  early  step  of  dust 
formation). 


2.2.  Dusty  dense  plasmas 

When  the  concentration  of  the  particles  is  such  that  the 
elementary  volume  associated  with  each  particle  be¬ 
comes  of  the  order  of  the  Debye  shielding  volume,  the 
plasma  properties  cannot  be  considered  independently 
and  become  connected  with  particle  concentration.  The 
transition  from  the  isolated  particles  situation  to  the 
dusty  dense  plasma  situation  has  been  described  [8]  by 
using  a  capacitor  model  where  the  plasma  parameters 
(T;  ,  T^./ij)  are  taken  as  given  quantities.  In  this  situation 
the  mean  negative  charge  concentration  in  the  plasma 
becomes  essentially  represented  by  the  negatively 
charged  particles,  the  relative  participation  of  the  free 
electrons  to  the  charge  neutrality  becomes  very  small 
and  the  charge  on  each  particle  in  this  situation  is 
simply  Qp  --  {nJN^)e. 

This  high  dust  concentration  situation  is  relevant  in 
extraterrestrial  plasmas  as  planetary  ring  environments 
and  high-conceniration  effects  have  been  described 
[7,9].  In  these  studies  the  free  electrons  and  negatively 
charged  dust  concentrations  are  considered  as  given 
parameters. 

A  self-consistent  description  of  the  problem  has  been 
developed  by  Bocuf  [II]  with  a  particle-in-cell  (pir) 
Monte  Carlo  (Mt )  simulation  where  the  only  external 
parameter  is  the  current  density  in  the  plasma.  This  has 
been  done  for  situations  (argon  gas  pressure  lOOmTorr, 
particles  with  diameters  and  concentrations  0.1  /im,  10" 
cm  '  respectively!  relevant  to  those  studied  experimen¬ 
tally  [13]. 

The  results  obtained  in  this  self-consistent  model  of 
dusty  dense  plasmas  show  the  following. 

(i)  The  charge  and  surface  potential  of  the  particles 
are  severely  reduced  in  comparison  with  isolated  par¬ 
ticles. 

(ii)  As  a  consequence,  in  ‘dusty  dense'  plasmas, 
almost  all  electrons  can  reach  the  particle  surface  and 
surface  induced  recombination  is  a  major  effect,  while  in 
the  situation  of  isolated  particles,  as  clearly  demon¬ 
strated  in  previous  modelling  work  [14],  the  particle 
surface  potential  is  such  that  only  the  high-energy  tail  of 
the  HEDr  is  involved. 

(iii)  The  lowering  (by  an  order  of  magnitude)  of  the 
free  electron  concentration  is  more  than  compensated,  in 
terms  of  ionization  frequency,  by  a  strong  increase  in 
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Tabla  1.  Boeuf  [9]  model  predictions  for  two  situations  of  current  density  in  the  plasma 
and  two  particle  sizes,  the  particle  density  being  10* cm’’. 


J(mA.  cm  *) 

cflpm) 

A,(cm  *) 

W,(cm  * 

T,m 

v,(10's“') 

Opfe) 

C.5 

0.1 

3x10* 

0.13  X  10* 

5.5 

7 

12 

5.0 

0.1 

12  X  10* 

0.10  X  10* 

ri5.5 

8 

50 

0.5 

0.3 

=e3  X  10* 

0.045  X  10* 

7.7 

35 

*12 

5.0 

0.3 

?:12  X  10* 

0.35  X  10* 

*7.7 

*35 

*50 

eiectron  temperature  induced  by  the  electric  field  which 
penetrates  in  the  plasma  (at  a  given  current  density). 

Typical  parameters  for  this  work  are  shown  in  table 
1  for  conditions  close  to  those  of  the  experiment 
(particle  concentration  *  10"  cm'^,  diameter  0.2  pni, 
argon  pressure  lOOmTorr).  In  this  table  J  is  the 
current  density  through  the  plasma,  <1  is  the  particle 
diameter,  A'^  and  W,  are  the  argon  ion  and  free  electron 
concentrations  respectively,  T,  is  the  mean  electronic 
energy,  vi  is  the  electron  impact  ionization  frequency 
and  Qp  is  the  charge  of  each  particle  expressed  in 
number  of  electrons. 

The  above  data  have  been  obtained  for  or  plasma 
current  densities  as  input  parameters  in  the  simulation, 
while  in  our  experiment  the  plasma  is  excited  in  a  RF 
(13.56  MHz)  discharge.  As  the  plasma  appears  as  highly 
resistive  for  current  transport  this  difference  is  not  as 
drastic  as  might  be  expected  in  the  pristine  argon  gas 
situation  and  the  IX'  current  density  range  selected  in 
the  table  corresponds  to  the  Rl  current  amplitudes 
measured  in  the  working  conditions  of  our  parallel  plate 
discharge. 

The  data  in  table  1  show  clearly  that  the  influence 
of  particle  size  on  plasma  properties  concerns  primarily 
the  concentration  and  energy  of  the  free  electrons  and 
this  could  be  perhaps  an  interesting  indication  for  di¬ 
agnosis  of  particle  size  in  a  homogeneous  dusty 
plasma. 

For  these  dusty  dense  plasm.as  the  electrostatic  inter¬ 
action  between  particles  is  not  shielded,  the  mean  intcr- 
particle  distance  being  of  the  order  of  or  less  than  the 
ionic  Debye  length.  Even  when  taking  into  account  the 
effect  of  reduction  of  particle  charge,  as  seen  in  the  above 
studies,  this  interaction  energy  is  easily  higher  than  the 
kinetic  energy  of  the  particles. 

The  thermodynamics  of  such  plasmas  are  similar  to 
the  so  called  one  component  plasmas  (tx  ps)  where  one 
species  of  charged  particles  is  considered  in  a  slightly 
modulated  neutralizing  fluid.  In  his  work  on  dusty  dense 
plasmas  Ikezi  [15]  points  out  that  a  liquid  solid  transi¬ 
tion  in  strongly  interacting  particle  clouds  could  be 
obtained  in  laboratory  discharges. 

This  phase  transition  is  defined  by  the  values  of  the 
two  dimensionless  parameters  K  =  a/ A  and  T  =  F(a)/ 
kT  where  ti  is  the  mean  interpirticle  distance,  A  is  the 
ioicc  Debye  length  and  F(a)  is  the  particle  particle 
interaction  energy. 

The  critical  value  of  the  parameter  T  for  which  the 
free  energy  of  the  liquid  and  solid  phases  are  equal  is 
given  as  T,  -  170. 


In  a  iccent  simulation  of  these  r.ystems  [16],  liqnid- 
like  behaviour  was  demonstrated  through  the  pr.ir  cor¬ 
relation  function  of  the  particle  positions  when  the  T 
factor  was  significantly  higher  than  one  but  below  the 
threshold  value  of  solidification.  The  present  study  by 
those  worhers  of  the  particle  partiele  interaction  poten¬ 
tial  as  function  of  the  mean  distanee  netween  the  par¬ 
ticles  seems  to  point  out  a  net  uualitativ;  difference  with 
the  Yukawa  monotonic  repulsive  potential:  the  short 
distance  repulsive  interaction  is  changed  o  an  attractive 
one  when  the  interparticlc  distance  is  higher  than  a 
critical  value  expressed  as 

f,  =  (1  -t-  V  3)Tn 

where  Ln  is  the  characteristic  Debye  length  for  the 
background  plasma.  This,  in  addition  of  the  particle 
polarizability  cflccts,  could  be  of  importance  when  con¬ 
sidering  the  natural  propensity  of  particles  lo  assemble 
in  clouds,  as  observed  experimentally  in  a  number  of 
situations. 

Of  course,  for  the  same  reasons  as  given  alovc,  if  the 
particle  diameter  becomes  small  enough  (in  ihe  10 nm 
range  for  example)  these  results  on  dusty  dense  plasmas 
become  questionable  and  statistical  cha.ging  effects 
must  be  considered,  which  is  out  of  Ihe  scope  of  the 
present  paper. 


3.  Exp«rimetital  characterization  of  dusty  pittsmas 

The  experimental  data  on  rf  disenarge  properties, 
plasma  parameters  and  particle  particle  interactions 
presented  here  have  been  obtained  at  Orleans  in  the 
same  reactor  where  the  growth  processes  of  Ihe  par  icies 
have  been  characterized  as  reported  in  Ihe  compaiion 
paper  [1]. 

3.1.  RF  argon  discharge:  a  comparison  of  the  pristine  i  nd 
dusty  situations 

The  comparison  between  model  predictions  and  the 
experimental  ochaviour  of  dusty  discharges  has  been 
made  in  a  situation  as  simple  and  well  characterized  as 
possible. 

A  dusty  argon  discharge  is  obtained  in  the  following; 
way.  A  transient  flow  (few  seem)  of  silane  is  added  to  th  : 
permanent  (30  seem)  argon  flow  through  Ih'  discharge 
box.  After  this  transient  addition  of  silane  a  giver 
concentration  of  particles  with  well  defined  sizes  is 
stored  in  Ihe  RF  discharge  while  the  pure  argon  gas 
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Figure  1.  Current  density  in  puie  argon  and  dusty  argon  discharges  as  a  function 
of  the  PF  voltage.  Comparison  of  the  experimental  results  with  a  fluid  and  p:c  mc 
models. 


situation  (llOmTorr)  is  restored.  The  dusty  situation 
obtained  is  a  function  of  the  silane  transient  flow,  of  the 
RF  voltage  applied  during  this  transient  flow  and  of  the 
temperature  of  the  reactor. 

Typical  trans'int  conditions  are  5  s  a;  1.2  seem  of 
silane  flow  and  2J0  V  peak  peak,  room  temperature  for 
the  discharge.  Under  these  conditions,  a  homogeneous 
distribution  of  monosized  particles  is  obtained  in  the 


argon  plasma  with  a  diameter  of  84  nm  and  a  concen¬ 
tration  of  10“  cm  “  ^ 

A  detailed  comparison  of  experimental  data  with 
model  predictions  has  been  made  in  pristine  and  dusty 
discharge  conditions  and  is  already  reported.  Figures  1 
and  2  (extracted  from  [13])  show  that  a  good  quanti¬ 
tative  agreement  is  obtained  over  a  rather  wide  range  of 
discharge  excitation  voltages  both  for  the  discharge 


n  5U  Kill  ISII  2IW  250  illll 

RF  Voltage  (V) 

Figure  2.  Cosine  of  the  current  voltage  phase  shift,  cos(i/i),  in  pure  and  dusty  argon 
discharges  as  a  function  of  the  rf  voltage.  Comparison  of  the  experimental  results  with  fluid 
and  PIC  MC  models. 
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Figure  3.  Schematic  representation  o<  the  experimental 
set-up  and  diagnostics. 


current  and  the  current  voltage  phase  shift. 

As  shown  in  these  tigures,  the  presence  of  dust  has  a 
strong  influence  on  the  resistivity  of  the  plasma  but  tne 
RF  current  itself  is  not  much  alfcctcd,  having  mean 
absolute  values  comparable  to  those  chosen  in  table  I 


More  details  on  this  argon  dusty  plasma  study  may  be 
found  in  the  literature. 

The  data  of  table  I  show  that  the  eedf  must  be 
strongly  alfected  by  the  presence  of  the  particles  and  our 
experimental  studies  reported  in  the  following  section 
confirm  this  theoretical  prediction. 


3.2.  Evolution  of  the  free  electron  population  in  a  particle 
forming  plasma 

3.2.1.  Diagnostics.  Several  diagnostics  (shown  schemati¬ 
cally  in  figure  3)  have  been  used  in  order  to  characterize 
the  electron  popula'ion  in  the  same  rf  discharge  where 
the  particle  formation  kinetics  have  been  studied. 

The  free  electron  density  has  been  determined  oy  using 
the  whole  reactor  as  a  microwave  resonant  cavity.  The 
frequency  shift  of  this  resonator,  induced  by  the  plasma, 
has  been  used  for  determination  of  the  electron  density.  A 
network  analyser  ( H  P  8753  C),  operating  in  the  reflection 
mode,  was  used  to  measure  this  frequency  shift. 

As  the  plasma  frequency  remains  an  order  of  magni¬ 
tude  lower  than  the  resonant  frequency,  a  straightfor¬ 
ward  perturbation  model  gives  the  relation  between  the 
measured  frequency  shift  A/  and  'he  free  electron  den¬ 
sity  N  (assumed  to  be  homogeneous  over  the  plasma): 

A/-./i,('V/^„Xk'i,/k') 

where  /„  is  the  resonant  freqicncv  without  plasma,  N„ 
is  the  electron  density  whose  plasma  frequency  is  P,, 


Figure  4.  Electrostatic  probe  characteristic  obtained  in  pristine  and  dusty  argon 
plasmas.  The  external  parameters  are  the  same  (rf  voltage  300  Vpp.  pressure 
1  tOmTorr).  The  dusty  situation  is  defined  by  particle  size  (66  nm)  and  concentration 
(4.3  X  10' cm  ’).  The  estimated  electronic  density  and  temperature  are  n,  =  5.1  x  10“ 
cm  ’  and  T,  =  2.3  eV  for  the  pristine  plasma  and  3.5  x  1 0®  cm  “  and  7. 1  eV  lor  the 
dusty  plasma.  The  electronic  temperatures  as  estimated  by  spectroscopy  are  1 .7  eV 
and  6.0  eV  (or  pristine  and  dusty  plasma  respec'ively  and  the  microwave 
measurements  confirm  the  drastic  drop  in  electron  concentrations. 
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is  the  reactor  volume  and  I'  is  the  volume  occupied  by 
the  plasma  between  the  sheaths. 

We  used  also  a  kf  compensated  Langmuir  probe 
(SOFIE  digiprobe  system)  for  the  determination  of  ion 
and  electron  concentrations  and  also  for  electron  mean 
energy  evaluation.  The  probe  current  voltage  charac- 
terist'cs  are  scanned  following  an  initial  procedure  of 
cleaning,  allowing  stable  and  reproducible  results. 
Examples  of  probe  characteristics  are  given  in  figure  4 
for  pristine  and  dusty  argon  plasma  situations.  The 
evolution  of  the  electronic  concentration  and  energy 
obtained  by  Langmuir  probe,  microwaves,  and  spectro¬ 
scopy  are  in  good  agreement,  showing  a  strong  decrease 
of  concentration  and  a  strong  increase  of  energy  of  the 
free  electrons  in  the  dusty  plasma. 

Optical  emission  spectroscopy  has  been  used  to 
obtain  quantitative  information  on  the  population  of  the 
excited  states  of  argon.  Precise  measurements  of  the 
intensities  of  several  atomic  spectral  lines  radiated  per 
unit  plasma  volume  have  been  performed  by  using  a 
simple  method  developed  in  the  laboratory  and  de¬ 
scribed  elsewhere  [17].  An  optical  fibre,  equipped  with 
a  short  focus  lens,  collects  the  light  emitted  by  the 
plasma  volume  contained  in  a  small  diameter  (2  mm) 
cylinder  parallel  to  the  discharge  electrodes  and  aligned 
with  the  diameter  of  the  reactor. 

The  end  of  the  fibre  is  connected  to  the  entrance  slit 
of  a  monochromator  and  the  calibration  of  the  whole 
system,  in  terms  of  photomultiplier  output  for  a  given 
photon  flux  in  the  spectral  range  of  interest,  is  performed 
in  a  standard  way  with  a  tungsten  ribbon  lamp. 

The  absolute  population  of  radiative  excited  states  of 
argon  is  deduced  from  measurements  of  line  intensities 
with  the  assumption  of  a  homogeneous  concentration 
along  (he  plasma  diameter. 

For  optical  tratisitions  whose  lower  level  is  a  meta¬ 
stable  state,  the  optical  depth  of  the  plasma  is  such  that 
reabsorption  phenomena  arc  not  negligible.  This  effect 
has  been  used  in  order  to  measure  the  concentration  of 
the  'Pj  inctaslable  state  concentration  by  compari.son  of 
two  argon  line  intensities  in  the  following  way  [18]. 

Two  transitions  between  the  excited  states 
(4p)  —  '.fs)  of  the  argon  atom  are  selected: 

2p^  ’Pi(/.  =  8(K).6  nm,  A  =  0.468  x  10’ s  ') 

and 

2p»  -  =  763..‘inm,  .4  =  2.74  x  lO’s  '). 

They  have  the  same  4p  upper  level  but  the  first  one  is 
connected  to  a  resonant  state  with  a  transition  probability 
much  lower  than  the  second  one  which  is  connected  to  the 
lowest  energy  melastable  'Pj  slate.  In  our  conditions  the 
plasma  is  optically  thin  fc  the  first  transition  but 
rcabsorption  phenomena  play  a  role  in  the  plasma  emission 
of  the  second  line.  The  ratio  of  the  line  intensities  measured 
for  these  two  transitions  is  used  for  a  determination  of  the 
metaslable  slate  coneentration  through  a  simple  radiative 
transfer  calculation  assuming  an  homogeneous  distribution 
of  the  excited  states  in  the  reactor  [18]. 

The  dissociation  of  silane  in  the  reactor  has  been 


measured  by  using  a  quadrupole  mass  spectrometer 
whose  entrance  hole  is  located  10cm  below  the  dis¬ 
charge  box  in  the  vacuum  vessel.  The  characteristic  time 
required  to  achieve  a  stationary  situation  in  the  vacuum 
chamber  (in  terms  of  chemical  equilibrium)  is  of  the 
order  of  5  10s.  This  prevents  the  observation  of  faster 
evolutions  (1  s  or  less)  of  the  plasma  induced  dissocia¬ 
tion  factor  of  the  silane  flow  in  the  reactor  box  itself. 

3.2.2.  ('.CDF  evolution  in  a  dust-forming  argon-silane 
plasma.  The  modification  of  the  kedf  due  to  the  forma¬ 
tion  and  storage  of  the  particulates  in  the  reactor  is 
deduced  from  boih  spectroscopic  and  microwave 
measurements.  Some  examples  of  the  time  evolution  of 
the  intensities  of  argon  spectral  lines  after  starting  an 
argon  silane  rf  discharge  arc  shown  in  figures  5  to  7, 
In  figure  5  the  two  situations  of  pure  argon  and 
silane  argon  discharges  arc  compared.  The  same  initial 
Ri  voltage  is  applied  in  both  cases  and  the  figure  gives 
the  time  evolution  of  the  intensity  of  the  7.‘i0.3  nm  argon 


Figure  5.  Time  evolution  of  the  750.3  nm  argon  line  in  pure 
argon  and  argon  silane  discharges. 


Figure  6.  Temperature  effect  on  the  time  evolution  of  the 
750.3  nm  argon  line.  The  vertical  thick  arrows  show  the 
beginning  of  the  coalescence  of  the  crystallites. 
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Figure  7.  Time  evolution  of  the  763.5  nm  and  800.6  nm  lines  and 
their  ratio.  The  ratio  gives  the  metastable  coricentration. 


line.  In  the  situation  of  an  argon  silane  plasma  the 
particle  appearance  time,  as  viewed  by  laser  scattering,  is 
indicated  by  an  arrow.  A  strong  increase  of  the  popula¬ 
tion  of  the  argon  excited  level  (2p,)  is  clearly  induced 
when  a  dusty  plasma  situation  is  created  in  the  reactor. 

The  fact  that  such  an  enhancement  of  the  excitation 
rate  of  the  argon  atoms  is  induced  by  the  presence  of 
particulates  is  confirmed  by  an  analysis  of  the  reactor 
temperature  oilccts  on  this  time  evolution.  As  reported 
elsewhere  [19]  and  in  the  companion  paper  the  kinetics 
of  the  particle  growth  in  the  discharge  arc  characterized 
by  a  sensitive  delay  effect  when  increasing  the  tempera¬ 
ture  of  the  reactor,  figure  6  shows  that  this  delay  elTcel 
for  partieic  growth  is  observed  also  for  the  enhancement 
of  the  excitation  rate  of  the  argon  upper  levels. 

figure  7  shows  the  time  evolution  of  the  intensities 
of  the  two  emissions  f800.6  and  763.5  nm)  used  for  the 
determinati.  m  of  the  mctaslable  stale  concentration. 
The  ratio  of  the  intensities  /(753.5)/7(800.6)  decreases 
with  a  delay  of  the  order  of  0  5  s.  This  is  a  clear 
ijualitative  indication  of  an  increase  of  the  mclastabic 
slate  concentration. 

1  his  effect  is  indeed  an  important  one  as  thcquanlila- 
t:  ve  analysis  of  the  ratio  of  these  line  intensities  leads  to  an 
incrcaseoflhe mctastablestateconcentralion from 4  x  10'* 
cm  ■ 'at  early  timet  <0.4  s)  to  3  x  I0'‘’cm  'fora  plasma 
duration  of  10  s  The  interpretationof  this  enhancement  is 
straightforward:  as  shown  below  the  electron  concentra¬ 
tion  decreases  strongly  while  the  electron  energy  increases 
when  the  particles  are  formed  and  the  net  rale  of  excitation 
ofthc  argon  excited  levels  is  increased;  it  is  expected  that  the 
metastable  concentration  equilibrium  Is  moved  towards 
higher  values  because  its  quenching  rale  by  electron 


collisions  is  drastically  reduced.  The  quenching  effect  due  to 
the  metastable  particulate  collisions  is  considered  as  a 
negligible  effect  in  our  experimental  conditions:  the  total 
surface  developed  in  the  volume  of  the  reactor  remains 
negligible(2%)as  compared  with  the  surface  of  the  walls. 

The  absolute  concent; ations  of  argon  excited  (4p) 
levels  have  been  determined  by  OhS  in  pure  argon  gas 
and  in  argon  silane  discharges.  These  excited  states  are: 

2p,(2  =  750.3  nm),  2pt(/.  =  800.6  nm) 
and 

2p8(/  =  801.5  nm). 

By  using  microwave  and  otis  data  the  evolution  of 
the  electron  and  argon  excited  states  concentrations 
have  been  determined  in  an  argon  silane  discharge  as  a 
function  of  time 

Tabic  2  shows  the  data  obtained  before  (t  =0.4s) 
and  rflcrfr  -  lOs)  the  formation  of  dust  particles  in  the 
reactor.  The  operating  conditions  were  k'nf  =  600  Vpp, 

=  ,30sccm,  =  1  2 seem,  /' =  .30  C.  In  Table  2 
^1  the  concentrations  of  the  electrons, 
mctastable  f'Pj)  and  radiative  (2pi)  argon  levels  re¬ 
spectively.  /Vh  and  Nff  are  the  concentrations  of  the  20^ 
and  2p8  argon  levels  respectively. 

and  R„  arc  the  estimated  contributions  of  step¬ 
wise  processes  (involving  electron  mctastable  state  col¬ 
lisions)  foi  the  excitation  rate  of  the  2p^  and  2p8  levels. 
These  values  are  deduced  from  a  iletailed  collisional 
radiative  model  of  equilibrium  of  these  two  levels  devel¬ 
oped  previously  [20].  The  strong  difference  between  the 
cross  sections  for  the  excitation  of  these  two  (4p)  levels 
by  electron  mctastable  collisions  together  with  the 


Table  2. 
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%  % 

ft, 

ft, 

(cm  ') 

(cm  ') 

(cm  ') 

(%) 
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4  X  10“ 
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0.44 

29 

9 

2 

(-  10s 

3x10* 

1.1  X  10’° 
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20 

6 
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measurements  of  their  concentration  in  the  same 
wavelength  region  (~801nm)  is  a  key  point  in  the 
precision  and  usefulness  of  this  model. 

As  the  modelling  of  a  dusty  dense  plasma  [11] 
suggests  that  the  eedf  is  close  to  Maxwellian  the  above 
data  can  be  used  for  an  estimation  of  the  electron 
temperature  in  the  two  situations.  In  what  follows  we 
assume  that  the  population  rate  of  the  2p,  excited  level 
is  equal  to  its  radiative  de-excitation  rate  (coronal 
equilibrium).  This  hypothesis  is  reasonable  in  our  situ¬ 
ation:  the  radiative  lifetime  of  that  level  is  i,  =  21  ns  and 
the  collisional  de-excitations  by  electron  or  neutral  col¬ 
lisions  remain  comparatively  negligible  in  our  situation 
of  gas  pressure  and  electron  density. 

The  equilibrium  condition  of  the  2pi  level  concentra¬ 
tion  N,  is  defined  by  the  relation 

X  V.  X  A/q  =  ^iAi  (I  - 

where  N,  is  the  electron  concentration,  the  argon 
atom  concentration,  k,,^  is  the  excitation  rate  per  elec¬ 
tron  averaged  on  the  energy  distribution  function  and 
corresponds  to  excitation  of  ground  state  atoms  by 
electron  impact.  )?,  represents  the  possible  contribution 
of  a  two-step  process  to  the  population  of  the  2p,  state. 
This  contribution,  smaller  than  the  corresponding 
values  for  2p5  and  2pn  states,  is  in  fact  negligible  in  our 
conditions. 

The  value  of  as  a  function  T  the  electron 
temperature  has  been  determined  in  previous  work  [20] 
and  is  used  here  for  the  determination  of  the  electron 
temperature.  In  the  two  situations  of  table  2  the  values 
of  are  2  x  10  and  2,.S  x  10  (cm  's"  ‘)  The 
corresponding  electron  temperatures  are  2eV  for  pris¬ 
tine  argon  discharge  and  SeV  for  the  dusty  situation. 

These  determinations,  obtained  through  spectro¬ 
scopic  data  are  in  agreement  with  Langmuir  probe 
measurements:  by  the  Rt  compensated  probe  method  the 
estimation  of  electron  temperature  in  the  two  situations 
of  pristine  and  dusty  argon  are  rcspectivclv  2,3  eV  and 
7.1  eV.  These  probe  measurements  also  show  that  the 
positive  ion  density  in  the  plasma  is  only  slightly  in¬ 
creased,  by  a  few  ten  %,  when  particles  are  formed  m  the 
reactor,  while  its  initial  value  is  close  to  the  initial  value 
of  4  X  10“  cm  ^  obtained  for  th  ,'  electron  density  by  the 
microwave  method. 

The  dusty  situation  achieved  in  the  reactor  at  the 
time  (10  s)  of  (he  KKOr  determination  is  well  character 
ized:  (he  particle  diameter  is  X6  t  4  nm  and  the  co'  en- 
tration  is  10*  cm  '  These  data  lead  to  a  precise 
determination  of  the  particle  mean  charge  in  these 
conditions  which  is  of  the  order  of  40  electrons  and  that 
value  remains  constant  as  a  function  of  the  particle  si/e 
as  soon  as  the  particle  charge  density  is  much  higher 
than  the  free  electron  density 

The  particle-induced  plasma  nuHlification  clearly  re¬ 
quires  a  minimum  particle  size  to  be  eflective.  When 
only  small  crystallites  arc  present  the  plasma  appears  as 
unperturbed  ihrougb  these  spectroscopic  measurements 
(figures  5  7)  fhe  time  where  the  coa  tulalion  of  these 
crystallites  starts  is  indicated  by  an  arrow,  and  it  can  be 


seen  that  the  plasma  parameters  remain  unaltered.  The 
critical  size  for  which  the  particles  induce  a  strong 
modification  of  the  plasma  appears  to  be  of  the  order  of 
few  tens  of  nanometres.  A  more  precise  time-resolved 
study  of  the  plasma  evolution  when  the  particles  grow 
from  the  crystallite  size  (2  nm)  to  50  nm  diameter  is  now 
underway. 

The  experimental  resul"  obtained  when  the  particles 
are  of  much  larger  size  (^l(X)nm)  are  In  rather  good 
agreement  with  (.ne  modelling  studies  reported  above. 

In  our  situation  the  mean  absolute  current  density 
installed  in  the  gas  is  of  the  order  of  1  mA  cm~^,  as 
deduced  from  the  rf  current  in  the  discharge.  The 
predicted  charge  per  particle  is  close  to  the  above 
experimental  determination  and  the  ratio  of  electron 
and  positive  ion  concentrations  is  1.3/30  while  the 
experiment  leads  to  a  value  of  3/40. 

Nevertheless,  a  difference  appears  concerning  the 
electron  temperature.  The  model  developed  by  Boeuf 
shows  that  this  parameter  is  very  sensitive  to  the  particle 
size  for  otherwise  given  conditions.  In  the  above  condi¬ 
tions  (he  expected  value  for  the  electron  temperature  is 
of  5.5  eV  (table  I)  while  the  experiment  reveals  a  signifi¬ 
cantly  higher  value  of  8  eV. 

A  detailed  study  is  now  underway,  both  experimen¬ 
tally  and  in  modelling  the  rf  discharge,  in  order  to 
obtain  a  more  precise  insight  on  the  evolution  of  (he 
F.i;i>i  as  a  function  of  the  particle  size  in  the  reactor.  The 
strong  enhancement  of  the  electron  energy  in  (he  dusty 
plasma  situation  is  of  prime  importance  for  the  chemical 
equilibrium  in  the  reactor.  The  dissociation  of  the  silane 
in  the  discharge  is  indeed  drastically  enhanced  when 
particles  arc  formed  in  the  reactor,  f  igure  8  shows  the 
time  evolution  of  the  peak  .30amu  as  recorded  when  the 
silane  flow  is  added  to  ihc  argon  flow.  The  rf  excitation 
of  the  discharge  is  started  with  a  delay  of  few  seconds,  a 
delay  which  is  requircil  to  achieve  stationary  chemical 
equilibrium  in  the  whole  pumping  volume  This  experi- 
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Figure  8.  Time  evolution  o(  the  30amu  peak  corresponding 
to  the  SiH,  radical  coining  (lom  the  dissociation  o(  'ilane 
molecules  in  the  ionization  source  of  a  mass  spectrometer 
(experimental  conditions  0„  *  30  seem.  «  1  2  scern, 
Vb,  “  600  V,,,,  PT  ^  11/  mT,  T  -  393  K).  At  the  time  A  the 
discharge  is  turned  oil  (or  t  s  During  this  lapse  ol  time  all  Ihe 
particles  are  swept  out  (rom  the  discharge  box  by  the  gas 
flow 
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meni  has  been  performed  for  a  reaclor  icmj'craturc  of 
120  C.  The  delay  of  the  formation  of  the  particles  in 
these  conditions  is  long  enough  to  obtam  a  cU-ar  obser¬ 
vation  of  the  effect  of  the  panicle  formation  on  the 
dissociation  level  of  the  silane  molecules  in  the  reactor 
As  expected  from  the  above  data  the  appearance  of  the 
particles  leads  to  a  strong  cnhanccnjcnl  (from  30%  to 
70%)  of  the  silane  moicculc  dissociation  in  the  reactor, 
in  spite  of  the  drastically  reduced  concentration  of  the 
free  electron  population.  When  the  same  experiment  is 
performed  at  room  temperature  the  particle  formation 
time  is  short  comparison  with  the  measurement  time 
constant  and  the  dissociation  as  measured  by  the  mass 
spectrometer  reaches  (in  one  apparently  immediate  step) 
a  high  (80%)  value.  When  the  temperature  is  high 
enough  (2{X)  C)  to  prevent  the  formation  of  particles  for 
plasma  durations  as  long  as  l(K)s  the  measured  dis¬ 
sociation  level  remains  at  a  lower  level  of  22^-o. 

The  clear  conclusion  of  these  studies  is  that  the 
presence  of  dust  in  a  discharge  leads  to  a  drastic 
modification  of  the  with  drastic  consequences  for 
the  chemical  equilibrium  in  the  reaclor.  In  that  sense 
dusty  dense  plasmas  appear  as  a  very  efficient  way  in 
order  to  achieve  high  efficiencies  for  electronic  excitation 
and  ihssociation  in  plasma  reactors. 

Besides  these  "chcmicar  considerations,  a  comple¬ 
mentary  attractive  aspect  concerns  the  physics  of  such 
dusty  dense  plasmas.  The  electrostatic  interaction  be¬ 
tween  the  particles  can  play  a  major  role  for  the  physics 
of  the  dusty  cloud,  As  already  reported  [21]  a  '('oiilomh 
liquid'  situation  has  been  clearly  evidenced  in  our  tain- 
dilions.  The  following  paragraph  is  devoted  to  a  sht>ri 
review  of  this  aspect  of  our  work 


.T.3.  Particle  cloud  as  a  *C  uulonib  liquid' 

In  order  to  compare  the  situation  achieved  in  our 
reactor  with  the  theoretical  predictions  in  terms  of  the 
thermodynamic  slate  of  the  dusty  plasma,  the  important 
rele\ani  parameters  have  to  bedeiermuicd  As  shown  in 
the  brief  survey  of  the  theoretical  works,  the  determina¬ 
tion  of  the  value  of  the  (  factor  is  critical  in  that  respect 
Such  a  deiermmalion  has  been  obtained  loi  .i  ilusiv 
plasma  situation  erealed  in  our  reactor  in  the  following 
way 

By  using  a  laser  Doppler  anemomeier  (Dantec 
l.DA()4)  the  disiribuimn  funciiou  of  the  vertical  spectl  of 
the  particles  is  determined  Optical  acces ,  to  the  plasma 
is  limited  by  the  small  verlic.d  slits  in  the  cvhndncal 
discharge  box  and  even  by  using  an  argt>n  ion  laser 
(>l4rini)  the  minimum  p.iriicle  diameter  required  fi>i 
ii)  \  speed  nieasuremenis  is  found  to  be  80  nm  I  lie 
corresponding  particle  growth  lime  is  20  s  m  the  typical 
condi!u>ns  of  luir  argon  silane  discharge  I  he  particle 
s|x.vds  ha-c  been  measurcti  for  a  du-.ly  situation  where 
the  particles  have  grown  to  a  diameter  i  l  2^0  nni  I  he 
silane  How  is  stopped  when  ihn  di.imeier  is  »>bi  *.med 
.md  the  p.irticles  remain  Oiii’ped  in  an  argon  plasm. i 
with  a  conceniraiion  of  )0^  cm  '  I  he  results  obtained 


Plusii^a  ptiasi- 


Particle  velocity  Vz  (m  s) 

Figure  9.  Histogram  of  the  particle  velocities  in  the  plasma 
phase  and  when  rf  is  turned  off. 


in  the  particle  speed  determinations  arc  shown  in  figure 
9.  On  the  same  figure  arc  shown  the  particle  speeds 
measured  immediately  after  the  extinction  of  the  argon 
plasma.  Before  the  extinction  the  speed  distribution  of 
the  particles  is  charactcri/ed  by  a  mean  thermal  velocity 
of  0.0)9  cm  s  ‘  Immediately  after  the  plasma  cxlinc- 
iion.  particle  vcioeiocs  can  be  measured  in  spile  of  the 
short  lime  allowed  for  that  determination  and  it  Is  clear 
that  the  pariielcs  acquire  the  vertical  speed  of  the  gas 
flow  in  the  reactor  (0.21  cm  s  ')  as  soon  as  the  plasma 
IS  slopped 

When  the  plasma  is  on,  as  the  mean  c|uadralic  velocity 
of  the  particles  is  known,  an  estimation  of  the  specilic 
mass  of  the  particle  material  can  be  deduced  if  thermal 
equilibrium  of  the  dust  cloud  with  the  gas  m  the  reactor  is 
aNsumed.  In  the  measu.emeni  ct'ndilions  the  reactor 
temperature  was  ri>om  temperature  and  the  specific  mass 
as  tiblained  for  the  particle  material  is  !  .9  g  ciu  a  value 
close  to  the  specific  mass  of  deposited  layers  of  amor¬ 
phous  silicon.  !  his  result  is  m  agreement  with  the 
description  of  particle  growth  as  given  m  the  companion 
pa|H*r  where  ii  is  shown  that  the  growth  of  particles  is 
achieved  ihrt>ugh  a  deposition  process  as  siKin  as  the 
particle  diametci  is  larger  than  a  few  lens  of  nanometres. 

(  ndcr  the  same  ciuulitions  the  dc-isily  of  the  positive 
ion  ( Ai  '  )  conceniraiion  has  been  measured  by  an  elec¬ 
trostatic  probe  and  is  -  l()‘*  cm  V  As  shown  above 
the  free  electron  concenlr»ilion  is  less  than  of  this 
value  and  the  mean  particle  charge  required  for  charge 
balance  in  the  plasma  is  43  electrons 

In  these  conditions  the  ionic  Debye  length  has  a 
value  of  4(l//m  and  is  larger  than  the  mean  diameter  of 
the  volume  afiecled  to  each  particle  (2();/m)  I  he  elec¬ 
trostatic  mieraclion  energy  between  llie  particles  can  be 
esliiuaied  from  the  in  n  model  and  is  found  to  be  ().3e\' 
per  particle  (  2 1  j 

.•\  good  eslimalion  of  the  I  laeiv'r  is  rlelmed  from  the 
.ibove  «Jelermmaiions  ami  is  )t>und  to  be  close  to  ten 
umler  our  condMions  in  ihis  range  ot  I  v.ilues  the  cloud 
ol  charged  particles  m  tlie  pl.isiua  is  lt>  be  described  as 
a  ■< ’oi;h>inb  liqim!  the  tfieorelivai  csimiai'ons  loi  a 
liv|iu<i  solid  tiansition  show  that  this  (r.uisiiion  requires 
much  higher  values  (I  1  20)  fhis  liquid  (and  rather 
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incompressible)  behaviour  is  also  consistent  with  the 
observation  of  an  almost  homogeneous  distribution  of  the 
dust  cloud  in  the  reactor  volume  as  observed  under  the 
experimental  conditions  of  the  previous  study.  The  par¬ 
ticles  acquire  the  gas  flow  velocity  as  soon  us  the 
electrostatic  confinement  by  the  plasma  sheaths  is  re¬ 
moved  (when  the  rf  excitation  is  stopped).  The  gas  drag 
force  on  the  particles,  which  is  clearly  evidenced  by  this 
observation,  is  also  estimated  to  be  the  dominant  one  when 
the  plasma  is  present  (thermophoresis  forces  havealsv  to 
be  taken  into  account  as  suggested  by  recent  temperature 
gradients  measured  by  Perrin  in  a  similar  reactor).  The 
drag  force  exerted  by  the  gas  flow  is  pushing  the  particles  of 
the  cloud  towards  the  bottom  grounded  electrode  and  the 
homogeneous  distribution  observed  is  directly  connected 
to  the  electrostatic  repulsive  forces  leading  to  the 
'Coulomb  liquid'  situation  demonstrated  above. 

A  recent  (to  be  published)  experiment  has  been 
performed  [22]  where  a  cloud  of  10, urn  diameter  par¬ 
ticles  has  been  trapped  in  an  argon  Rt  discharge.  This 
experiment  demonstrates  clearly  that  a  ‘Coulomb  solid' 
situation  is  obtained  with  very  high  estimated  values  of 
the  r  factor,  of  the  order  of  few  1000.  Together  with  our 
results  this  observation  confirms  that  dusty  plasmas 
represent  a  very  attractive  way  to  study  expcrinientally 
the  behaviour  of  the  so  called  one  component  plasmas, 
in  particular  to  test  the  theoretical  predictions  for  the 
liquid  solid  transition  of  such  systems. 


4.  Conclusion 

In  our  experimental  studios  of  dust-lormir.g  argon 
silane  plasmas  the  thcorelictil  predictions  of  the  behav¬ 
iour  of  a  Rt  dusty  discharge  and  the  main  parameters  of 
a  dusty  dense  plasma  have  been  tested  quantitatively.  In 
terms  of  discharge  behaviour  the  agreement  is  found  to 
be  good  and  the  main  features  of  a  dusty  plasma  are  also 
in  good  agreement  with  the  data  obtained  through  a 
Monte  Carlo  I’K  simulation  developed  by  Hoeuf  The 
I-.IDI  as  obtained  experimentally  reveals,  however,  that 
the  mean  electron  energy  is  significantly  higher  than 
predicted  by  this  simulation  and  this  point  has  to  be 
clarified.  Nevertheless  it  is  clear  that  dusty  plasmas  arc 
highly  energetic  media  and  could  be  attractive  to 
achieve  very  reactive  plasma  situations 

The  basic  physics  of  dusty  plasmas  also  appears  very 
attractive.  Besides  then  collective  behaviour  in  terms  of 
fluctuations  and  wave  propagation  which  is  treated  in 
the  contribution  of  rsytovich  [lOJ,  an  interesting  way  is 
clearly  to  use  these  media  as  a  convenient  support  for 
basic  research  relevant  lo  the  thermody  namics  of  in  I’s 
and  dense  plasmas. 
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Abstract  Particulate  generation  has  been  studied  during  reactive-ion  etching  of 
oxide  wafers  in  CjFg-CUF,  and  CFj  -CHFj  plasmas  using  both  a  commercial  etch 
tool  and  the  GEC  reference  cell  modified  to  resemble  the  commercial  tool.  Under 
certain  discharge  process  conditions,  copious  amounts  of  submicrometre-sized 
particles  are  shown  to  form  due  to  plasma  interactions  with  the  oxide  substrate.  In  the 
commercial  tool,  particles  were  detected  only  by  a  downstream  particle  flux  monitor, 
whereas  in  the  relerence  cell,  particles  were  observed  by  both  :r,  situ  laser  light 
scattering  and  downstream  monitoring.  In  the  commercial  tool,  wafers  etched  to 
end-point  were  shown  by  post-process  surface  analysis  to  be  contaminated  by 
submicrometre-sized  columnar  structures.  Previous  reports  of  similar  such  columnar 
structures  formed  during  reactive-ion  etching  tf  oxide  films  have  attributed  the 
phenomenon  to  polymer  micromasking.  However,  the  results  of  this  study  clearly 
contradict  this  conclusion  and  suggest  that  the  presence  of  columnar  oxide  etch 
residues  is  linked  to  process-induced  particulate  contamination.  L  aser  light  scattering 
measurements  were  m.ade  in  the  relerence  cell  during  rea.'tive-ion  etching  of  blanket 
oxide  wafers  and  used  to  help  clarify  the  complex  processes  of  particuiate  nucleation, 
growth  and  deposition  during  oxide  etching.  Polarization  coagulation  of  sphe.ical 
particles  formed  in  the  reference  cei'  is  ehcw-i  to  occur,  presumably  m  the  l.igh-field 
regions  of  the  sheath,  forming  filamentous  mo  like  particle  aggregates.  Tha 
implications  of  this  observation  for  wafer  coritamination  are  explored. 


1.  Introduction 

Wafer  particle  eonlaminalion  resulting  friini  'dusty' 
plasma  processes  during  11  fabrication  is  now  recog¬ 
nized  as  a  major  threat  to  integrated  circuit  manufactur¬ 
ing  yields,  as  well  as  the  reliability  and  performance  of 
completed  devices  [1  4].  Unfortunately,  most  commer¬ 
cial  tools  for  plasma  processing  do  not  provide  adequate 
optical  access  for  diagnostics  necessary  for  fundamental 
dusty  plasiTia  studies.  As  a  consequence,  a  considerable 
amount  ofelTort  has  been  expended  to  study  particles  in 
laboratory  apparatus,  while  only  a  limited  amount  of 
work  has  been  p(;rformed  in  production  line  equipment 
with  production  processes.  This  work  is  a  rep<»rl  on 
clTorls  to  bridge  that  gap,  through  comparative  particle 
studies  in  the  reference  cell  and  a  representative  parallel 
plate  commercial  etch  tool,  the  f)r;,  lek  Quad  Model  4S0 
single-wafer  etcher. 

IVisiliDg  Scienlisl  al  t.'NM  fi.im  the  Nalit'n.il  Inslil'jle  nf  Sla.-id.irU-., 
and  TethiK>U>gy,  hteciriinio  and  Mckiric.il  Kn^jink'xTing  I  ab.irait.r>. 
(jjithersbuig.  MarylaniJ  LSA 


In  ihis  wt)rk,  ilciailcJ  mvcsiigalu  n  is  miide  <>f  the 
process  comlilions  in  the  Drylek  tool  that  lead  to 
paniculate  gcncraUon  in  fluorocarbon  discharges  used 
for  selective  o\idc  etching.  Undci  a  variety  of  processing 
conditions,  massive  amounts  of  particles  were  delected 
downstream  of  the  chamber  during  etching,  while  post 
process  wafer  analysis  revealed  that  the  wafer  surface 
became  severely  contaminated  with  columnar  residues. 
I  he  residues  observed  on  the  wafer  surface  in  this  study 
appear  in  si:m  photos  to  be  nearly  idi'ntical  to  columnar 
structures  lirsl  observed  by  C)/aki  and  Hirala  [5]  during 
rcaclivc-ion  etching  (Rii  )  of  oxide  wafers,  Osaki  and 
Hirala  reasoned  in  their  study  that  an  crodable  polymer 
micromask  was  formed  fr  ^m  a  minuscule  uioounl  of 
pholorcsisl  scum  contamination  cC  the  wafer  surface  and 
that  the  subsequent  mtcromasking  was  responsible  for 
columnar  residues.  In  this  study,  the  fact  that  unmistak¬ 
ably  similar  columnar  residues  were  generated  on  blan¬ 
ket,  unpallerned  oxide  wafers,  throws  this  explanation 
into  grave  doubt.  An  alternative  cxplanaimn  for  this 
\y\yc  of  wafer  contamination  must  be  found. 
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JeDum  and  Graves  [6]  were  the  first  to  observe  the 
fo.'mation  of  rod-like  structures  in  dusty  (sputtered 
aluminium  particulates)  helium  plasmas.  These  macro¬ 
scopic  rods  were  aligneo  with  the  sheath  fields  and 
located  at  the  plasma  sheath  boundary.  The  mechan¬ 
ism  suggested  as  being  responsible  for  rod  formation 
in  plasmas  was  polarized,  field-aligned  particle  co¬ 
agulation,  a  well-known  phenomenon  in  aerosol  science 
[7].  Both  Selwyn  et  al  [1]  studying  Oj  CF*  etch¬ 
ing  plasmas  and  Jaiiath  et  al  [8]  studying  BCIj-CH.i 
deposition  jdasmas  have  since  observed  macroscopic 
filamentous  structures  forming  in  a  plasma,  presumably 
due  to  the  same  field  elTect,  Graves  [9]  observed  that, 
occasionally,  one  of  the  macroscopic  rod-like  aggregates 
of  his  plasma  would  mysteriously  slip  through  the 
plasma  sheath  boundary  and  impact  on  the  electrode 
surface.  No  explanation  for  this  phenomenon  could  be 
found  at  the  time.  However,  the  possible  Implication  of 
these  findings  for  the  problem  of  microscopic  columnar 
etch  residues  resulting  from  plasma  processing  is  worth 
exploring  in  much  greater  detail. 


2.  Experimental 

2.1  Commercial  etch  tool  studies 

The  effects  of  Kt  power,  reactor  pressure  and  feed  gas 
composition  on  particle  production  rates  were  studied  in 
a  13.56  MHz  Drytek  Quad  Model  4X0  Rii:  single-wafer 
etcher  using  150  mm.  n-type  monitor  wafers  with  a 
blanket  6300A  thermally  grown  oxide  film  The  wafers 
rested  on  the  powered,  water-cooled,  aluminium  lower 
electrode.  The  CHF,  feed  gas  mixture  is  intro¬ 

duced  to  the  chamber  through  a  grounded  shower  head 
electrode.  Particles  produced  during  dischaige  opciation 
were  detected  with  a  High-Yield  Technology  (HYT) 
Model  20  particle  flux  monitor  installed  in  one  of  two 
symmetrically  located  pump  lines  downstream  of  the 
etch  chamber  (figure  1).  Limited  optical  access  into  the 
process  chamber  prevented  meaningful  efforts  at  detect¬ 
ing  particles  by  in  situ  laser  light  scattering  (i.i.s)  at  this 
stage  of  the  research. 

The  HYT  particle  flux  monitor  measures  diode  laser 
light  (7S0nm)  scattered  from  particles  transiting  the 
focus  point  of  the  laser  in  the  detector  plane  of  the  pump 


Figure  1.  Schfc.-natic  diagram  of  the  Drytek  Quad  reactor. 


line.  The  laser-baseu  particle  detector  operates  on  the 
Mie  light  scattering  prir  ciple,  •■ritii  a  lower  detection 
limit  of  0.3!i  /mi.  Particles  are  sized  into  five  different 
bins,  based  on  the  intensity  of  scattered  light.  Detector 
panicle  counts  were  integrated  over  a  10  s  time  period. 
By  operating  the  particle  detector  with  and  without  a 
discharge  present  and  wilis  and  without  wafers  being 
processed.,  it  was  determined  that  the  downstieam  tech¬ 
nique  does  in  fact  provide  quantitative  information  or 
plasma  process-induced  particle  generation  under  typi¬ 
cal  processing  conditions. 

A  response  surface  methodology  (rsm)  experimental 
strategy  was  adopted  for  characterizing  regions  of  the 
operational  parameter  space  where  the  potential  for 
generating  particles  was  pronounced.  To  this  end,  a 
series  of  screening  and  central  composite  inscribed  (cci) 
factorally  designed  experiments  were  selected  and  per¬ 
formed.  in  the  screening  experiments,  C^F,,  aicne  was 
used  as  the  etchant  gas,  the  total  gas  flow  was  fixed  at 
50 seem  and  only  power  and  pressure  varied.  Following 
the  screening  experiments,  a  series  of  two  cci  -designed 
experiments  were  performed  to  identify  the  influence  of 
hydrogen-bearing  gases  in  the  feed,  power,  pressure  and 
percentage  CHF,  in  a  C,F„  CHF,  gas  mixture  were 
varied  while  maintaining  tolal  flow  at  100 seem. 

In  addition  to  mesisuring  particle  flux  ilow  nstream  of 
the  etch  chamber,  pai tides  deposited  on  the  wafer  after 
etching  were  analysed  by  a  \ariety  of  ex  situ  character¬ 
ization  techniques.  A  Tencor  Surfscan  4500  laser  wafer 
scanner  was  used  to  map  particle  distributions  over  each 
wafer  surface.  Selected  wafers  were  also  analysed  by  siiM, 
TI  M,  Auger  and  XRi  techniques  for  particle  morphology 
and  composition.  In  the  ease  of  ri  M  analysis,  the  wafer 
was  back-sidc-millcd  to  reveal  thin  layers  of  the  silicon 
wafer  surface  heavily  contamintiled  with  particles  al  the 
end  of  the  etch.  Several  partial  etches  of  the  oxide 
substrate  were  also  conducted  so  that  the  oxide  surface 
could  be  examined  at  intermediate  points  in  the  etch 
process.  Focused  Auger  analysis  (beam  size  about  .2/tm) 
and  XRT  were  performed  over  heavily  contaminated 
regions  of  the  wafer  surface.  A  large  aggregate  sample  of 
particles  suitable  for  further  chemical  analysis  was  also 
collected  from  etched  wafer  samples  by  rinsing  the  wafer 
with  methanol,  drying  and  compacting  the  residue.  An 
ITIR  analysis  was  performed  on  these  aggregate  samples 

2.2  Reference  cell  studies 

I'hc  reference  cell  used  in  this  study  has  been  described 
elsewhere  [lOJ,  Fhe  configuration  of  the  cell  w  is  such 
that  the  lower  electrode  was  powered,  the  showerhead 
gas  inlet  was  on  the  upper  electrode,  and  the  insulator 
was  Fctlon.  In  this  configuration,  the  reference  cell  is 
nearly  ideittical  in  scale  to  a  Drytek  parallel  plate 
reactor,  except  for  the  gap  spacing,  the  presence  of  a 
quartz  guard  ring  around  the  powered  electrode  and  the 
optical  access  windows  To  approximate  more  closely 
the  Drytek  tool,  an  electrode  extension  was  machined 
for  the  reference  cell  to  close  the  gap  space  to  about 
I  cm  .A  quartz  guard  ring,  0.5  inch  ihick,  was  machined 
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Figure  2.  Schematic  of  the  GEC  reference  cell,  showing  modifications  and 
particle  traps. 


to  slip  around  the  powered  electrode,  le' el  with  the 
plane  of  the  electrode  surface.  Miller  and  Circenberg 
[11]  examined  the  electrical  characteristics  of  the 
Drytck  'ool.  and  found  by  Ri  probe  analysis  that  the 
actual  power  expcnenccu  by  the  electrode  m  this  tool 
was  approximately  50?  o  of  that  indicated  by  Mic  Drytck 
Rh  power  supply  meter  over  the  range  of  conditions 
relevant  to  this  study  Typical  peak-io-pcak  hi  applied 
voltages  for  peak  particle  production  under  these  condi¬ 
tions  m  the  reference  cell  corresponded  to  about  l?.SOV. 
or  about  325  W.  In  the  reference  cell,  IfKfmni  blanket, 
n-iype  thermal  oxide  wafers  (lt)fKX)A  th.ckf  were  used 
as  substrates.  Etching  gas  mixtures  used  in  the  reference 
cell  were  Cl  CHI\. 

J  O  observe  particles  in  m/u  in  the  reference  cell,  w-e 
employed  a  dynamic  laser  light  technic|uc  based  on 
h. anodyne  photon  correlation  spectroscopy  m  the  man¬ 
ner  previously  described  by  Hurd  and  Ho  fl-J- 
C  oherem  DF*SS  532  senes  sohd-slale,  diode-pumped 
Nd.YAfi  frequency  doubled  laser  was  usetl  l\>  prt>duce 
light  at  532  nm  wavelengths,  while  a  Brox)khaven  model 
Bl  2030  A  I  digital,  high-spH-vd  photomulliplici  signal 
pr'.'ccssor  wa'  used  to  perlorni  photon  coi  relation 


spectroscopy  on  the  scatiered  light  signal.  In  homo- 
dyne  photon  correlation  spectroscopy,  Huciualions  in 
laser  light  scattering  due  to  Brownian  motion  of 
particles  in  the  scattering  field  are  correlated  with  the 
mean  speed  or  ifilTusion  coeHicicnt  for  particle  transport. 
Under  certain  conditions  (a  spherical  particle  assump¬ 
tion  and  a  ptiori  knowledge  of  the  local  temperature), 
the  diffusion  cocfticienl  can  in  turn  be  related  to  a 
particle  diameter  [I3j,  1  he  same  MV  I  Model  20  par¬ 
ticle  Ilux  monitor  used  in  the  Drytek  tool  studies  was 
lilted  to  one  of  the  Tour  symmetric  pump  ports  of  the 
reference  cell  exhaust  manifold  for  downstream  particle 
flux  monitoring 


3.  Results  discussion 

The  results  o)  this  suidv  -hovs  Oiat,  at  least  in  ibi.’  case 
of  oxide  substrate  etching  in  fluorocarbon  disch.irges. 
there  is  an  on<lerl>ing  similarity  between  process-in 
diiced  plasma  parlicie  generaliop  iri  the  Drytck  and 
reference  cel)  ri’aclors,  f  igure  2  illustrates  the  modified 
reference  cell  config‘.uaiu>n  and  the  location  of  particle 
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traps  in  the  cell.  Addition  of  the  0.5  inch  quartz  guard 
ring  to  the  reactor  design  had  a  pronounced  effect  on 
panicle  trapping.  Previous  studies  of  this  cell  showed 
that,  in  the  conventional  design  (no  guard  ring),  no 
part'cle  clouds  were  observed  in  the  plane  of  the  elec¬ 
trode  or  in  the  gap  space.  Particle  trapping  was  noted 
several  centimetres  beiu-.'  the  plane  of  the  electrode, 
adjacent  to  the  metal  ground  shield.  The  simple  addition 
of  the  quartz  guard  ring  elevated  the  trapping  region  to 
the  plane  of  the  electrode,  and  a  ring  of  particles  was 
observed  around  the  edge  of  the  wafer,  as  has  been 
reported  previously  [1].  No  dome  of  particles  was 
observed  for  any  of  the  process  conditions  examined  to 
date,  but  a  noticeable  sensitivity  to  total  flow  was 
observed  in  the  intensity  of  lls  from  the  ring  particle 
region  of  the  discharge. 

The  intensity  of  the  lls  signal  was  also  very  sensitive 
to  the  presence  of  the  thermal  oxide  wafer  substrate  and 
the  conditioning  of  the  chamber  walls.  Routine  chamber 
cleans  (a  CF^  Oj  discharge)  were  performed  on  the  cell 
after  \/afer  etching.  If  the  cell  was  allowed  to  go  through 
several  etch  cycles  without  a  chamber  clean,  faint  par¬ 
ticle  LL.i  signals  could  be  detected  under  a  variety  of 
process  conditions,  and  sometimes  even  without  the 
presence  of  a  wafer.  However,  if  an  oxide  wafer  was 
present  and  being  etched,  the  intensity  of  the  i  ts  signal 
was  noticeably  enhanced  in  the  ring  region,  until  the 
wafer  was  etched  to  end-point.  'I  hcsc  in  silt/  observa¬ 
tions  provided  clear  evidence  of  the  importance  of 
oxygen  in  the  Si02  layer  for  particle  production  in  a 
Cf  4  C’HF,  discharge.  As  the  etch  process  approached 
its  end-point,  such  that  only  the  underlying  silicon 
remained,  the  intensity  of  the  lls  signal  faded  rapidly  in 
most  instances  to  zero.  Quartz  in  the  chamber  did  not 
appear  to  be  a  factor.  Once  again,  some  variability  in 
decay  is  observed,  dependent  on  chamber  wall  condi¬ 
tions. 

Ihis  same  dependence  was  clearly  noted  in  the 
commercial  Drytck  tool  with  use  of  the  downstream 
particle  counter,  as  shown  in  (igure  }.  which  compares 
particle  counts  to  the  progress  of  the  oxide  etch  by 
monitoring  C'O  emission.  As  can  be  seen,  no  particle 
counts  arc  detected  downstream  of  the  processing  cham- 
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Figure  3.  Downstream  particle  counts  versus  CO  emission 
(/  --486nm)  end-point  trace  in  the  Drylek  reactor. 


ber  until  a  few  seconds  after  oxide  breakthrough.  In  the 
commercial  tool,  the  indication  is  that  the  particles  arc 
totally  trapped  in  the  discharge  until  end-point  of  the 
oxide  etch,  at  which  point  the  trap  breaks  down  and  the 
particles  arc  flushed  from  the  chamber.  Running  the 
discharge  with  cither  no  wafer  or  only  a  bare  Si  wafer 
under  the  same  process  conditions  produced  no  notice¬ 
able  particle  counts  above  a  random  background  signal. 
By  comparison,  the  sharpness  of  the  breakdown  in  the 
electrostatic  trapping  of  particles  coincident  with  oxide 
breakthrough  was  absent  in  the  reference  cell  experi¬ 
ments.  presumably  due  to  the  generally  poor  etch  uni¬ 
formity  of  the  tool.  Under  most  process  conditions  with 
the  reference  cell,  the  wafer  edge  etches  much  faster  than 
the  centre  and  no  sharp  breakthrough  in  the  oxide  layer 
occurs.  This  may  be  due  in  part  to  the  presence  of  large 
optical  access  windows  on  the  reference  cell. 

Figures  4  and  5  illustrate  the  variation  in  the  rate  of 
downstream  HYT  particle  counts  on  the  Drytck  tool,  as 
a  function  of  the  power,  pressure  and  gas  composition 
in  a  response  surface  modci.  Although  a  complete  ex¬ 
perimental  mapping  of  the  parameter  space  was  not 
performed  on  the  reference  cell,  the  same  general  trends 
were  observed  by  both  in  siiu  lls  and  downstream 
detection.  Particle  generation  appears  to  be  sensitive  to 
a  threshold  power  level  and  CHF,  concentration  in  the 
feed  gas.  while  certain  intermediate  pressures  may  not  be 
conducive  to  particle  production.  However,  the  critical 
variable  underlying  both  of  these  plots  was  presence  of 
the  .SiO^  substrate.  Also,  in  the  reference  cell  operation, 
particle  generation  appeared  to  slow  or  stop  altogether 
at  the  very  highest  power  levels  at  which  we  could 
operate  the  etch  process.  Therefore,  the  trend  depicted 
in  the  response  surface  plots  for  the  Drytck  tool  of 
increasing  particles  with  increasing  power  may  have 
limits. 

In  the  dynamic  lls  experiments  in  the  reference  cell, 
vertically  polarized  light  (/.  =  5.')2nm)  was  focused 
I  mm  out  from  the  edge  of  the  powered  electrode  and 
I  mm  above  the  quartz  guard  ring.  The  light  scattered 
from  the  particles  was  collected  with  a  50  cm  focal 
length  lens  in  individual  runs  at  horizontal  scattering 
angles  from  0  =  }  to  0  -  20  .  t  he  scattering  wavevcc- 
tor  was  parallel  to  the  electrodes  such  that  Ki-drivcn 
particle  motion  should  not  affect  the  measurements.  I  he 
scattered  light  was  focused  in  an  XOO /im  masking  pin¬ 
hole  to  reject  flare  light  and  then  passed  to  a  I’MT.  By 
aulocorrelating  the  photocurrent  we  obtained  the  inten¬ 
sity  correlation  function.  We  observed  a  Ciaussian-like 
decay  of  the  light  scattering  correlation  function,  I  his 
suggests  the  particle  motion  is  ballistic  in  nature,  but  Ihe 
velocities  were  very  small,  typically  of  the  order  of 
.1  >  10  '  cm  :,  ',  I’hc  initial  average  particle  size  (aver¬ 
age  radius  of  gyration)  was  440  l  0.5  nin  However,  as 
the  etch  progressed  beyonvi  Ihe  halfway  point  of  the  etch 
cycle,  noticeable  agglomeration  of  particles  was  ob¬ 
served,  with  particle  sizes  appearing  to  grow  to  in  excess 
of  .1/1111.  One  should  note  that,  even  with  the  initial 
particle  size  nieasuiemcnl.  the  size  is  indicative  of  an 
auglomerated  particle  mass  composed  iif  many  smaller 
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Figure  4.  Contour  plot  of  downstream  particle  flux  (particles  s  '  >  0.38  /im) 
at  constant  pressure  (500  mTorr)  in  the  Drytek  reactor  as  a  function  of  CHF, 
and  power 


primary  particles,  as  will  be  shown  below.  Light  scatter¬ 
ing  from  the  individual  primary  particles  was  insufficient 
for  the  homodyne  techniques  to  be  applicable,  under 
current  experimental  conditions. 

Figure  6  illustrates  a  SEM  photo  of  a  typical  particle 
contaminate  found  on  the  wafer  at  the  end  of  the  etch 
cycle  in  the  reference  cell  reactor,  when  etching  was 
performed  under  low-power  conditions  (about  500  V 
peak-to-peak).  It  can  be  readily  seen  that  the  panicle  is 
an  agglomerate  of  perhaps  50  or  so  primary  spherical 


particles  of  200  nm  diameter,  such  that  the  effective 
diameter  is  in  excess  of  I  /im.  Such  an  agglomerated 
particle  is  consistent  with  the  dynamic  LLS  measure¬ 
ments.  The  agglomeration  appears  to  be  quite  random. 
Figure  7  illustrates  a  similar  agglomerated  particle  wafer 
contaminant  found  on  a  substrate  etched  in  the  refer¬ 
ence  cell,  but  in  this  case  under  high-power  conditions 
(about  1250  V  peak-to-peak).  Although  the  remnants  of 
spherical  primary  particles  are  still  visible  in  the  agglom¬ 
erate,  significant  fusion  of  the  individual  primary  par- 
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Figure  5.  Contour  plot  of  downstream  particle  flux  (particles  s  '  >  0.36  /nn) 
at  constant  feed  gas  composition  (lO'/oCHFj)  in  the  Drytek  reactor  as  a 
function  of  pressure  and  power. 


Particulates  in  etching  plasmas 


060101  15I<'V  X30.0K  1.00UIII,' 
«  ' 


Figure  6.  A  scanning  electron  rnicroscopy  micrograph  of  an 
agglomerated  particle  wafer  contaminate  produced  at  low 
power  m  the  GEC  reference  ceil. 
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Figure  8.  A  scanr>jng  electron  microscopy  micrograph  of 
columnar  residues  on  wafer  etched  in  the  Drytek  reactor. 


lick's  has  occurred  and  scizmcnis  of  ihc  ajii’loincraic 
have  a  more  distinctive  single-strand,  (ilamcnloiis  ap¬ 
pearance.  This  change  in  appe. nance  of  the  parncic 
agglomerates  is  directly  related  it'  inereased  power  levels 
and  henee  applied  eiecinc  fields  m  the  reference  cell 
discharge,  as  ^ili  I'lher  eontiilions  were  constant. 

I  igiire  S  illustrates  the  contamin.inis  observed 
the  wafer  after  eielung  in  ifie  Orwek  ii'o*  uiulcr  ei>ndi- 
lions  IiJi  whieh  signilieani  pariiele  production  was  ob- 
serveil  hv  tfie  dt'w  nsiream  particle  llu\  nu>nil('r  I  he 
surface  <'t  the  wafer  is  ei'niammatcil  fieavilv  in  spots 
with  small  eoliimnar  structures  about  JKHMiin  in  heiefil 


and  SO  nin  in  width  Although  im'si  of  ilie  liefeets  iippeai 
to  be  pcriKMulicular  tt»  the  surface,  close  examination  i>f 
the  structures  m  a  number  of  ii  m  micrographs  revealed 
that  there  is  a  disinhutioii  in  \',)C  angular  i>nentiitii>n  of 
these  structures  t<»  the  surface  ranging  from  »i  few 
degrees  frtuii  nt'rnia]  to  .is  much  as  d’s  oil  normal. 

\  closer  oxamiiuilion  of  the  columnar  siriieiurcs  is 
shown  111  ligure  ii  ii  M  imcrograph  oht. lined  b>  back- 
sute-nniting  the  wafer  with  an  Ar  ion  beam  until  the 
surface  is  vi'-ihle  Most  t'l  ihe  ei'Iumns  in  the  ii  xi  are 
I'Mcnteii  vcrlieallv  .nul  therelore  appciu  as  a  dark  annu¬ 
lar  feature,  la  handling  Ihc  Wider,  scveial  of  the  columns 
were  knocked  i»xer,  piovuling  tfic  eximdrieal  images. 
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Figure  7.  A  scanning  electron  rmcroscopy  micrograph  of  an 
agglomerateu  particle  wafer  contamini^ie  produmxf  at  high 
power  in  the  GEC  referenco  cell 


Figure  9.  A  transmission  elt.H;tron  microscopy  micrograph  t)f 
columnar  residues  on  wafer  etched  m  the  Drytek  reactor 
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The  much  greater  contrast  in  the  outer  annular  ring  of 
the  vertically  oriented  columns  is  probably  due  to  both 
material  thickness  and  material  properties.  Based  on 
these  contrasts  and  other  reports  of  columnar  residues 
[5],  it  is  most  probable  that  the  dark  outer  ring  repre¬ 
sents  a  thick  polymeric  coating  ot  skin  and  the  inner 
circle  constitutes  the  structural  core  of  the  column. 
Detailed  examination  of  the  surface  contrast  of  standing 
structures  reveals  that  the  inner  regions  of  all  the  col¬ 
umns  are  either  partially  or  completely  hollow.  The 
structural  core  therefore  appears  to  be  only  cither  a 
partial  plug  or  a  cylindrical  skeleton  inside  the  outer 
annular  polymeric  skin.  The  polymeric  outer  wall  thick¬ 
ness  appears  to  be  of  the  order  of  20  nm  and  the  inner 
core  diameter  is  about  20  nm. 

Since  it  was  not  possible  to  perform  in  situ  lls 
measurements  in  the  commercial  Drytck  tool,  it  is 
difficult,  if  not  impossible,  to  prove  with  certainty  at  this 
time  that  these  wafer  contaminants  have  a  particle 
origin  or  a  wafer  origin  due  to  microtnasking.  However, 
there  is  much  circumstantial  evidence  to  suggest  that 
these  rod  like  structures  are  deposited,  or  redeposited, 
particles.  Figure  10  illustrates  that  a  near-linear  correla¬ 
tion  exists  between  paruclcs  detected  downstream  of  the 
chamber  and  defect  counts  on  '.he  wafer  due  to  these 
rod-like  deposits.  Figure  II  illustrates  that  the  location 
of  these  particles  on  the  wafer  surface  is  not  random,  but 
is  consistently  oriented  around  the  major  Hal  of  the 
wafer.  Selwyn  el  al  [1]  have  shown  that  electrostatic 
particle  traps  arise  in  processing  plasmas  due  to  discon¬ 
tinuities  tn  material  properties,  such  as  one  gets  by 
having  a  silicon  wafer  occupying  only  a  portion  of  the 
electrode  surface  or  by  placing  metal  strips  adjacent  t.> 
a  silicon  wafer.  In  the  Orytek  tool,  the  major  Hat  on  the 
wafer  exposes  a  small  portion  of  the  underlying  alumin¬ 
ium  electrode  to  the  discharge  and  sets  up  just  such  a 
material  discontinuity  between  conducting  and  insula¬ 
ting  surfaces,  which  is  known  to  result  in  electrostatic 
trapping.  The  time-dcpcndencc  of  particle  bursts  detec¬ 
ted  from  the  chamber,  as  shown  in  ligurc  d,  strongly 
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Figure  11.  Tencor  Surfscan  wafer  defect  map  showing  the 
location  ol  columnar  residue  concentrations. 


suggests  that  electrostatic  trapping  is  occurring  in  this 
tool. 

Detailed  Auger,  XKi  and  tiix  analyses  of  regions  of 
the  wafer  heavily  contaminated  with  these  columnar 
residues  failed  to  detect  any  other  trace  eonlaminants 
that  could  lead  to  micromasking,  such  as  non-volatile 
aluminium  lluoridc.  Since  the  wafers  were  blanket  oxide 
coated  without  any  exposure  to  photoresist,  photoresist 
scum,  as  suggested  by  Ozaki  and  flirata  [5],  cannot  be 
a  micromasking  factor  either,  I'hc  XHi),  XRi  and  iiix 
analyses  showed  that  the  columnar  residues  were  cither 
amorphous  or  very  weakly  crystalline,  and  tomposed  of 
Si,  O  and  F,  The  itir  spectra  of  columnar  residues 
extracted  from  the  wafer  by  methanol  wash  showed  a 
strong  peak  around  1.200  12.^0  cm  '  associated  with 
('  F  stretching  vibrations  and  a  weak  mode  at  760 
cm  '  associated  with  C  C  or  Si  C  bonds  [14],  Cer¬ 
tain  samples  had  a  sharper  peak  at  760  cm  which  is 
more  characteristic  of  Si  ('  bonding  with  some  crystal¬ 
linity  [LS],  Ihcse  spectra  suggest  that  the  inner  struc¬ 
tural  core  of  the  column  is  composed  of  Si  C  or  C  C 
units,  but  the  sample  re.’x-alabilily  of  these  measure¬ 
ments  was  poor,  leaving  that  interpretation  open  to 
i|ucsiion. 


Figure  10.  fencoi  Surlscan  cclumnar  tes.,-1ue  i.onls  or 
wafer  versus  High  Viekl  trchnoiugy  oowont'eam  paniole 
flux  measurerr.eols  fur  srv^.:^-3^  ^*tching  cycles  >0  thr  Drytek 
reactor 


4.  Conclusions 

The  combined  observations  by  in  siiii  I  t.s  and  down¬ 
stream  particle  lUix  measurement  on  the  reference  cell 
and  the  Drytek  tool  clearly  indicate  that  the  etch  prod¬ 
uct  species  from  oxide  etching  play  a  critical  role  in 
generation  of  particulates  in  the  etch  process,  fhesc 
studies  also  show  that  the  primary  particles  rapidly 
agglomerate  in  the  plasma  to  form  long  chains,  Imder 
conditions  of  high  power  and  high  applied  electric 
fields,  :.ome  degree  of  p:)lari/ed,  field-aligned  particle 
coagulation  has  bxren  shown  to  occur  in  the  reference 
cell,  and  the  particles  exhibit  a  more  filamentous  rod- 
like  structure 

Whai  h,l^  not  been  uiicqiiivoc.ilK  shown  is  (lie 
impac;  th.it  these  p.n  tuh  s  li.ivc  on  w.ifci  v rmtamin.iiii'u 
I  he  legul.iruy  in  sunc  sh.gv  .ind  .incul.ir  .nieni.ition  oi 
the  lohimnar  particles  ofrsetved  .ni  ific  wafer  .liter 
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Particulates  in  etching  plasmas 
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Figure  12.  Possible  mechanistic  pathway  lor  polarized,  (ield-aligned  particle 
coagulants  to  contaminate  wafer  surfaces  with  rod-shaped  particles. 


etching  in  the  Dryick  tool  is  dinii.ult  to  attribute  to 
particle  contamination,  at  first  sight.  However,  if  polar¬ 
ization  and  field  alignment  of  coagulated  particles  is 
occurring,  the.i  the  collection  of  particles  at  9(;  to  the 
surface  of  the  wafer  would  not  be  unlike  Coulombic 
attraction/collection  as  used  in  electric  precipitators  for 
smoke  and  dust  control.  This  leads  to  the  possible 
sequence  of  events  shown  in  figure  12,  which  may 
expiain  the  connection  between  process-induced  par¬ 
ticles  in  oxide  etching  and  columnar  residues.  The  lack 
of  such  columnar  residues  in  the  reference  cell  cxperi- 
n  ents  may  simply  be  due  to  the  different  How  character¬ 
istics  of  the  two  tools  and  the  disruption  of  field-aligned 
rod  formation  by  molecular  drag  forces,  as  shown  by  the 
location  of  particle  agglomerates  by  t.l.s. 

If  the  above-suggested  connection  between  particle 
generation  and  columnar  residues  in  oxide  etching  is 
incorrect,  then  one  is  still  faced  with  the  dilerntiia  that 
the  original  hypothesis  of  Ozaki  and  Mirata  [5]  of 
polymer  micromasking  is  inconsistent  with  these  results. 
I;  's  possible  that  other  micromasking  contaminants 
were  present  and  escaped  our  detection,  hut  this  puls 
into  question  the  nature  of  the  mechanism  that  would 
lead  to  such  a  direct  correlation  between  particles  and 
columnar  etch  residues  as  that  observed  in  this  study 
We  can  be  sure  that  there  is  an  important  contribu¬ 
tion  to  the  particle  confinement  problem  from  seemingly 
benign  aspects  of  plasma  reactor  tool  construction,  such 
as  quartz  guard  rings  around  Ri  electrodes.  1  he  addition 
of  a  quartz  guard  ring,  in  coinbiiiation  with  the  gap  size 
and  gas  How,  has  been  shown  to  have  a  dramatic 
concentrating  effect  on  particles  lormed  in  the  reference 
cell,  in  a  location  with  serious  laniilications  for  wafer 
contamination. 
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Abstract  Particle  growth  and  subsequent  extinction  in  plasma  reactors  for  surface 
processing  has  been  investigated  in  a  parallel-plate  radiofrequency  discharge  at 
13.56  MHz  in  Ar  with  (  CF,CFj  )„  and  its  fragments  as  an  impurity.  The  space- 
and  time-variation  of  the  radiofrequency  plasma  structure  is  mainly  studied 
simultaneously  with  the  particle  size  and  density  by  both  spatiotemporally  resolved 
optical  emission  spectroscopy  and  Mie  scattering  of  laser  light.  A  correlation  is 
demonstrated  between  the  particle  size  density  and  the  radiofrequency  plasma 
structure. 


1.  Introduction 

There  have  been  many  experimental  investigations  of 
particle  growth  and  migration  in  etching,  deposition  and 
sputtering  reactors,  driven  by  a  radiofrequency  (RK) 
discharge  [I  7].  The  size  and  density  of  particles  have 
been  extensively  studied  by  laser  light  scattering  in 
plasma  reactors  for  surface  processing.  Particles  were 
mostly  found  near  the  plasma  sheath  boundary  in  pre¬ 
vious  studies,  Particles  of  sizes  larger  than  several  tens 
of  nanometres  are  observable  by  the  Mie  scattering 
technique  [K],  and  electron  microscopy  is  applicable  to 
measurement  of  the  size  distribution  in  the  range  10 
iOOnm  [9].  Very  few  investigations  of  the  spatiotem¬ 
porai  variation  of  the  Ri  plasma  structure  have  been 
performed  simultaneously  with  particle  detection  [10]. 

The  characteristics  of  the  Ri  discharge  between  par¬ 
allel-plate  electrodes  in  puie  Ar  at  13.56  MHz  are 
known  to  be  capacitive  That  is.  the  total  current  leads 
the  sustaining  voltage.  This  is  a  property  of  electroposi¬ 
tive  gases.  The  space-  and  time-structure  of  the  Ar  Ri 
discharge  has  been  elaborately  studied  as  have  the 
external  electrical  characteinlics  [I  I  I.3J  Thus,  the  ri 
Ar  discharge  plasma  will  be  appropriate  for  investiga¬ 
tion  of  the  subsequent  behaviour  o*'  dust  initiated  as  an 
impurity  in  the  plasma  reactor.  Another  reason  for  the 
choice  of  Ar  is  its  chemical  non-reactiveness. 

It  will  be  possible  to  diagnose  particle  growth  and 
extinction  under  circumstances  of  periodic  steady  stale 
Rr  discharge,  if  it  occurs  from  spatiotemporally  resolved 
optical  emission  spectroscopy  iSTRdks)  and  Mie  scatter¬ 


ing.  The  strohs  will  give  information  on  the  space-  and 
lime-variation  of  the  plasma  structure  when  we  select 
the  appropriate  emission  line  with  short  lifetime  and  free 
of  cascade  from  the  upper  levels.  Emission  from  Ar(.3p,) 
is  employed  for  this  purpose  [II]  Mie  scattering  signals 
of  an  Ar*  ion  laser  incident  on  the  particle  provide 
information  about  the  particle  radius  and  density,  when 
the  particle  has  a  monodispersc  distribution. 

Two  types  of  measurements  have  been  performed  in 
the  present  work  to  investigate  the  inlluence  of  particles 
on  the  parallel-plate  ri  plasma  reactor.  One  is  Mie 
scattering  using  an  Ar*  ion  laser,  the  other  is  the 
indirect  way.  through  observation  of  the  spatiotemporai 
net  production  rale  of  Ar(.3pU 


2.  (Experimental 

Figure  I  is  a  schematic  diagram  of  the  experimental 
apparatus  and  the  system,  which  has  been  described  in 
detail  in  previous  papers  [1 1,  1.3.  14],  except  the  channel 
of  the  Ar*  ion  laser  scattering  experiments.  Parallel- 
plate  aluminium  electrodes  of  K  cm  diameter  are  posi¬ 
tioned  with  2  cm  spacing  in  the  centre  of  the  stainless 
steel  chamber  20cm  in  diameter.  The  lime  and  axial 
space  resolutions  are,  respectively,  0,2  ns  and  1mm. 
Photons  within  20mm  around  the  central  axis  of  the 
discharge  arc  delected  [14],  The  absolute  ne'  extilalion 
rale  by  electron  impact  is  derived  by  a  deconvolution 
procedure  from  siRoi-.s  in  the  calibrated  detection  sys¬ 
tem  [11.14],  That  Is,  ihc  emission  inicnsily  i) 
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Correlation  of  particles  with  rf  plasma  structure 
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Figure  1.  Schematic  illustration  of  the  experimental 
apparatus  and  the  detector  system. 


(cm  “  ^  s  “ ' )  from  state  ;  to  k  is  expressed  by  the  convol¬ 
ution  integral  for  the  condition  that  the  radiative  life 
lime  t„j  is  much  shorter  than  the  time  constant  of 
dilTusio;i,  rp,  as 


fl  =  fio 


A/:, 


exp 


d/'  (!) 


where  A^(;,  r)  (cm'  's‘'')  is  the  net  excitation  talc  to 
stale  j,  and  is  the  effective  iifctimc  considering 
self-qucnching.  is  a  constant  showing  the  instrumental 
function.  We  can  cslimate  r,,,  under  the  condition  rhat 
the  overall  profile  ol  the  net  excitation  rale  has  a 
non-negative  value.  r,„  of  excited  Ar(.tp,)  is  estimated 
to  be  5(r  ns. 

An  unpolarizcd  Ar  ’  ion  laser  (/).  ='  4SS  nm)  of  beam 
diameter  0.62  mm  is  used  as  a  coherent  light  source  and 
is  directed  to  the  mirror  mounted  on  the  movable  stage 
controlled  by  computer,  which  allows  us  to  execute 
spatially  resolved  scattering  measurements  Laser  llghi 
enters  the  discharge  parallel  lo  the  eleclrodes  from  the 
lop  window.  Measuremen:  by  a  phoion  couriiing  lech- 
niqiie  is  employed  for  deteclion  of  Ihc  laser  beam 
scattered  by  90  as  well  as  the  emission  of  excited  species 
in  the  discharge.  I  he  scattered  laser  intensities  parallel 
and  perpendicular  to  the  scattered  plane,  /.  and  i  ,  can 
be  observed  individually  by  inserting  a  polari/er  be 
tween  the  scattered  beam  and  the  lens  system  in  front  of 
Ihe  monochromator  in  figure  1. 

Thus,  wc  employ  a  technique  based  on  Mie  scatter 
ing  by  an  unpolarizcd  laser  in  order  to  measure  particles 
in  situ  [8].  It  IS  assumed  that  the  particle  is  made  from 


( — CFjCFj — )„  with  monodispersion  in  size  and  refrac¬ 
tive  index  1,35,  The  experimental  scattering  intensities 
/i.,,  are  influenced  by  both  the  instrumental  function  of 
the  detector  system  and  the  scattering  angular  distribu¬ 
tion,  The  calibration  of  I ^  ^  is  also  performed  before¬ 
hand  in  a  manner  similar  to  that  in  [14], 

The  particle  size  with  monodispersion  is  estimated 
from  the  ratio  of  1^  to  /,  by  using  Mie  scattering  theory 
[8,15],  In  particular,  particle  radius  larger  than 
250  nm  is  estimated  by  comparing  the  theoretical  I 
characteristirs  with  the  experimental  „  peaks  against 
time  from  onset  of  discharge.  Then,  the  particle  number 
density  is  given  from  the  absolute  scattering  intensity 
using  the  particle  radius  mentioned  above. 


3.  Results  and  discussion 

The  Rf  glow  discharge  is  sustained  in  pure  Ar  at 
13.56MHz,  1  Torr  and  lOsccm  under  peak-to-pcak 
voltage  120  V  with  the  form 

L(l)  -  sin  wt  +  (2) 

between  both  electrodes.  Here,  L,  and  arc.  respect¬ 
ively,  the  amplitude  of  the  RF  voltage  and  the  DC 
self-bias  voltage. 

The  net  production  rate  of  Ar(3p,)  in  pure  Ar 
without  any  impurity  is  shown  in  figure  2  in  the  form  of 
a  spatiotcmporal  distribution  under  the  same  external 
discharge  conditions.  The  net  excitation  rate,  locally 
limited  in  front  of  both  electrodes,  leads  the  waveform 
of  the  applied  vollagc  and  almost  corresponds  to  Ihe 
maximum  of  Ihc  lotal  current.  The  capacitive  character¬ 
istics  arc  a  properly  of  electropositive  gases. 

(  CFjCTj  ),  and  ils  fragments  are  prepared  by  Ar 
Rf  sputtering  from  the  Teflon  plate  surrounding  the  Al 
electrodes  before  the  nicasurcmcnt.  The  rf  sputtering 
voltage  is  carefully  chosen  so  thal  the  Al  electrode 
surface  is  not  intiucnccd  by  sputtering.  After  preparation 
of  (  C'FjCFj  ),  and  its  fragments  on  the  bottom  of 
the  reactor  between  both  i  lectrodcs,  the  gas  is  renewed. 
Under  these  initial  arrangements,  the  laser  light  scatter¬ 
ing  onset  time  and  the  succeeding  temporal  behaviour  of 
Ihc  signal  are  reproducible  wiihin  a  scatter  of  10%  up  to 


Figure  2.  Spatiutemporal  net  excitation  rate  of  ArfSp^)  in 
pure  Ar  at  V(/)  =  60  sin  ol  18  V  at  1  Torr,  10  seem  and 
13.56  MHz. 
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600  s  after  initiation  of  discharge.  Mie  scattering  inten¬ 
sity  changes  with  time,  initially  increasing  sharply  and 
subsequently  spreading  into  the  bulk  plasma,  and  finally 
decreasing  gradually.  Figure  3<a)  shows  the  external 
electrical  characteristics  from  onset  of  the  rf  discharge. 
That  is.  (  =  0  corresponds  to  the  circumstances  in  pure 
Ar  with  (  CFjCF,  )„  and  its  fragments  as  an  impur¬ 
ity,  The  impurity  has  nor  influence  on  the  electrical 
characteristics  nor  on  the  inner  discharge  structure  (lig- 
ure  2).  Successive  long-term  variation  of  the  external 
characteristics  will  reflect  the  influence  of  particle 
growth  and  extinction  originating  from  (  CF.C'F,  )„ 
in  the  Ri  glow  plasma.  The  series  of  variations  continues 
for  1 000  s.  The  long-term  evolution  of  particles  in  this 
work  has  been  also  observed  in  halocarbori-containing 
RF  plasma'  or  dry  etching  [16]. 

The  maximum  phase  for  the  influence  occurs  200s 
after  the  onset.  That  is,  the  phase  shift  if  between  the 
sustaining  voltage  and  the  total  current  rapidly  de¬ 
creases,  and  has  the  P’inimum  at  200s  as  well  as  the 
lowest  value  of  the  IK  sell-bias  voltage  tf,;  as  shown  in 


figure  3(a).  These  facts  mean  the  exhaustion  of  electron 
supply  and  the  formation  of  massive  negative  ions, 
judging  from  the  characteristics  in  the  previously  studied 
electronegative  gases,  SF^  [17,  18],  HCI  [19]  and  SiH* 
[20],  This  speculation  is  ‘■upported  by  the  spatiotem- 
poral  profile  of  the  net  excitation  rate  of  Ar(3p,),  with 
two  strong  maxima  in  phase  with  the  peaks  of  the 
sustaining  voltage  during  one  rf  period  over  the  whole 
space  in  the  bulk  plasma,  as  shown  in  figure  3((  I).  Since 
it  takes  165  s  to  measure  a  set  of  spaiiotemporal  dis¬ 
tributions.  figure  3(i  I)  illustrates  the  averaged  profile 
between  110  and  29ns.  I'he  high  net  rate  in  the  bulk 
plasma  results  from  the  high  field  penetration  required 
to  carry  the  negatively  charged  massive  particles  as  well 
as  minority  electrons  [IS],  Insuflicient  evidence  is  ob¬ 
served  for  formation  of  a  double  layer  in  front  of  the 
instantaneous  anode.  This  implies  plasma  density  of  the 
order  of  10“  cm  '  [IS],  ,\t  r  =  600  s.  the  production  in 
front  of  the  inslaiuaneous  anode  begins  to  decline  al¬ 
though  the  signals  m  the  vicinity  of  the  instantaneous 
cathode  and  in  the  bulk  plasma  still  remain  as  shown  in 


(Cl  ) 


Figure  3.  Inllupnce  of  particles  as  a  function  of  tinu»  after  m.tiatiuc  r.ifl'nirtHtueni  y 
Oibcharges  in  Ar  with  (  CF  CF  ),  anti  its  fragments  at  1  Ton.  tOsci.rn  anij 
V  -  60  V  at  13  56MH^  (a)  external 'Electrical  characteristics  (M  t.'rinn.ie  si/e  ai^J 
density  at  bulk  plasma  centre  (ti).  (ctl)  and  (cill)  resfx't.tively  th*'  net  prudi-i  tion  f.ii' 
'll  Ar(3p, )  at  around  POO,  600  and  IbOOs 


Correlation  of  particles  with  rf  plasma  structure 


figure  3((  ll).  The  external  electrical  characteristics  al¬ 
most  recover  at  about  1000  s.  No  appreciable  change  of 
sheath  width  due  to  particle  growth  and  extinction  is 
detected  during  operation.  As  mentioned  above,  the 
external  electrical  property  is  sensitive  to  the  evolution/ 
decay  of  the  particle. 

Particle  growth  in  the  early  stage  of  variation  in  the 
bulk  plasma  at  8  mm  from  the  earthed  electrode  is 
exhibited  in  terms  of  the  particle  radius  and  density  in 
figure  3(f>),  which  is  analysed  in  terms  of  the  results  of 
Mie  scattering  intensities,  and  /  .  The  radius  grows 
almost  linearly  in  time  up  to  700  nm  for  30t)s  after 
initiation.  As  for  the  number  density  of  the  particle,  it 
changes  from  10’  to  2  x  10'*  cm  '.  In  order  to  under¬ 
stand  the  highly  electronegative  profile  at  the  phase  of 
figure  3((  I)  with  particle  density  10'' cm  ',  we  have  to 
estimate  the  number  of  electrons  captured  by  one  mas¬ 
sive  particle.  It  is  deduced  from  the  orbital  motion- 
limited  probe  theory  [15]  that  the  nuniber  of  captured 
electrons  is  .3(XI  1000cm  '  in  the  bulk  plasma  under  the 
condition  of  electron  temperatures  I  5cV  at  rc.rin 
temperature.  At  the  final  stage,  the  massive  particles 
agglomerated  in  the  Rt  discharge  terminate  in  disappear¬ 
ance  from  the  active  plasma  region  due  lo  gravny  In 
fact,  it  IS  found  by  si  M  thal  ihe  panicles  collected  at  the 
bottom  of  the  reactor  show  spheric.il  and  monodisperse 
properties  with  diameter  of  70(1  nm.  Also  i  i'M-x  ami  i  iih 
analyses  of  the  particle  show  the  presence  of  C '  and  I  and 
CKj  bonds.  We  have  no  evidence  for  Al  in  Ihe  panicle. 

The  elTect  of  C'llj  on  Ihe  present  hi  plasma  has  been 
preliminarily  sludied  It  is  noted  lhal  ihe  presence  i)l 
CHilS"-'!))  in  Ar  under  ihe  s.ime  exiernal  csmdilion 
drastically  enhances  ihe  Mie  scattering  inlensity.  thal  is. 
particle  growth,  I  he  details  will  be  reported  elsewhere. 
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Abstract.  The  characteristics  of  plasma  parameters  and  their  spatial  structures 
in  a  parallel-plates  nr  discharge  in  argon  modified  by  the  injection  of  small 
carbon  particles  have  been  investigated.  A  larger  peak-to-peak  fluctuation  of 
space  potential  in  the  bulk  plasma  region  was  observed  by  an  emissive  probe 
measurement  together  with  a  decrease  in  the  self-bias  voltage.  The  electron 
energy  distribution  function  in  the  plasma  bulk  as  measured  uy  an  energy  analyser 
also  showed  the  presence  of  a  higher  energy  tail.  The  enhancement  of  an  argon 
atomic  line  emission  in  the  midgap  was  consistent  with  the  above  results,  showing 
the  transition  of  the  discharge  mode  troiii  the  gamma  to  alpha  regimes.  Spatial 
and  temporal  behaviours  ol  panicle  density  and  size  were  measured  by  a  newly 
proposed  ellipsometric  detection  method  of  the  laser  Mie  scattered  light.  Slow  shill 
of  the  peak  position  ol  density  and  size  distributions  towards  the  sheath  edge  of 
the  powered  electrode  was  observed. 


1.  Introduction 

Recently  inlere.st  has  been  stiinululeiJ  in  a  heller 
unJersiandiiig  nl  the  behaviour  of  particle  growili  and 
disirihulioii  in  processinj;  plasinas  used  in  thin  lilin 
deposiiion  and  elchinii.  In  addition  In  ihe  importance  ol 
geilini;  rid  ol  production  and  aeetiiniilation  ol  parlieles 
in  mdiisirial  apiiliealions.  the  prohleni  is  inlereslinp 
hy  Its  physical  rialtirc,  because  Ihe  pre.senee  ol  ihe 
panicles  slronyly  inlluenees  the  disehartte  siruelure  and 
the  plasma  paranielers.  Theielore.  many  theorelieal  (see 
e.j’,  I  I  4|)  and  e.xperi menial  (e.p.  1 6  -S| I  approaches  have 
been  pertormed  up  In  no,.-. 

In  this  work,  m  order  to  see  rite  elle.l  ol  panicles 
in  a  simplilied  systein,  we  try  to  inieet  small  carbon 
panicles  inlo  a  parallel  plates  Kr  discharge  siislained  in 
argon  which  ilsell  shows  eleelioposilive  eharaelerislies. 
We  use  two  diHerenl  lypes  ol  elecliie  probe,  one 
IS  an  emissive  probe  by  which  Ihe  peak  lo  |ieak  ip 
pi  variation  ol  space  polential  liiieliialion  beivveen 
Ihe  eleeliode  gap  is  measured,  and  the  olliei  is  an 
elecirosialie  energy  analyser  hy  which  ihc  eleclion 
energy  dislnhution  lutwlion  ll-;i;i)l  )  is  measured  Opliea! 
emission  sjx'elri  vojiy  is  .rlso  used  as  a  eniss  check  ol 
lire  changes  m  ihe  plasma  paranielers 
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The  evolnlion  ol  the  densiiy  and  size  ol  particles 
m  Ihe  plasm.i  h.is  been  previously  delerniined  hy 
polari/aiion  sensitive  Mie  seaitermg  measurement  |,S|. 
Ill  this  method  the  di.imeier  is  deduced  Irom  the  scattered 
light  intensity  ratio  ol  hon/.onlal-tu-vertiea!  piilurl/ation 
components  based  tin  die  assumption  ot  monodisjx'rsive 
si/e  disiribtilion.  eireiilar  shapes  and  known  opiieal 
index  ol  |iailieles  We  propose  here  a  new  method 
using  ellipsomelneal  analysis  In  this  irielliod  another 
mdepeitdenl  paranteter,  whieh  comes  Iriim  the  phase 
diKerenee  between  the  two  polari/.alion  eoinponents,  is 
obtained  in  iddition  lo  the  mlensily  ratio  This  gives 
nseliil  inlorm  ilion  loi  die  tednelion  of  die  assnniplions 
eompared  widi  eonvenlioiial  melhocls.  In  ihis  work  we 
Irv  to  aeeiiralely  deteimine  the  optical  index  of  inieeled 
parlieles  Iran  ll.e  Iwo  ellipsoiiietne  parameters,  and 
tht.‘  value  is  itseJ  lot  ijuanlilalive  an.tlysis  ol  sjitilial 
and  lemporal  heiiav  tours  ol  die  si/e  and  the  density  ol 
p.nlieles. 

2.  Probe  measurer  gents 

Out  expeiniiental  set  i  p  toi  the  piohe  measuiements 
IS  Siiovvti  sehemalicallv  m  liginv  I  The  reactor  ol 


structure  In  Ar  nr^  discharge  with  particles 
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Figure  1.  Schematic  diagram  of  the  experimental  set-up 
for  probe  measurements. 


30  cm  inner  diameter  and  .50  cm  height  was  equipped 
with  parallel  electrodes  of  10  cm  in  diameter  at  a 
separation  of  3  cm.  The  input  RF  power  was  kept 
constant  at  10  W.  The  gas  pressure  and  flow  rate 
of  Ar  were  40  Pa  and  .5  standard  cm'  min  '  (seem) 
respectively.  Particles  employed  were  carbon  srxjts  of 
nominal  size  0.03-0.2  /rm.  They  were  puffed  into  the 
plasma  instantaneously  with  carrier  Ar  gas  through  a 
bypass  line  at  the  beginning  of  each  run. 

Figure  2(a)  shows  that  a  time  variation  of  the  self¬ 
bias  voltage  appeared  at  the  RF  supplied  electrode. 
Although  the  electrode  configuration  was  symmetric  (as 
seen  in  figure  I)  a  voltage  of  about  -30  V  appeared  in 
pure  Ar  plasma  because  the  metal  chamber  was  grounded 
and  its  walls  were  partly  taken  into  the  area  of  grounded 
electrode,  After  the  injection  of  particles  the  self-bias 
voltage  decreased  to  a  small  value  due  to  the  change 
in  discharge  characteristics  (.sec  arguments  below).  The 
emission  of  an  Ar  line  at  the  midgap  of  the  electrodes 
increased  dramatically  as  shown  in  figure  2(b)  after  the 
injection  of  particles.  The.se  facts  suggest  that  a  fairly 
large  number  of  pai  tides  were  trapped  for  a  certain  time, 
but  only  a  small  number  can  remain  after  about  2(X)  s. 
The  probe  measurements  described  below  were  carried 
out  within  the  early  1(K)  s  period  after  the  injection,  while 
the  particle  density  was  kept  sufficiently  high. 

For  the  measurement  of  p-p  fluctuations  of  space 
potential  we  used  an  ohmically  healed  emissive  probe 
(0, 1  mm  diameter  and  20  mm  1  turn  length).  The  method 
was  originally  proposed  by  Hershkowitz  19|  and  used 
in  the  measurement  oi  the  RF  plasma  in  He  1I0|.  In 
this  method  two  inflection  points  of  probe  characteristic  , 
give  the  lower  and  upper  |x:aks  of  the  fluctuation.  These 
peaks  were  sensitively  detected  in  the  signal  proixtrtional 
to  the  first  derivative  of  the  characteristics  through  a 
lock  in  amplifier  by  giving  small  AC  ( 1  kHz)  modulation 
to  the  probe  bias  voltage.  The  effect  of  probe  heating 
on  the  gas  temperature  and  the  behaviour  of  panicles 
(e  g.  through  thermophorciic  force)  could  he  negligible 
because  the  heating  temperature  was  relatively  low 
(,5(K)  C)  and  the  surface  area  was  small.  Figure  3  shows 
the  measured  p-  p  values  in  pure  Ar  and  in  Ar  mixed 
with  carbon  particles  It  can  be  seen  that  the  width 
of  fluctuation  increases  dramatically  with  an  injection 
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Figure  2.  Time  evolution  of  (a)  self-bias  voltage  and  (b) 
emission  intensity  of  an  Ar  419.8  nm  line  after  injection  of 
particles. 
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Figure  3.  The  spatial  distribution  of  a  peak-to-peak 
fluctuation  in  space  potential  measured  by  an  emissive 
probe  in  pure  Ar  plasma  and  Ar  plasma  with  particles. 

of  particles  together  with  a  decrease  in  the  self-bias 
voltage.  It  is  suggested  that  by  the  trapping  of  particles, 
the  plasma  self organizes  the  potential  distribution  by 
reducing  part  of  the  sheath  voltage  and  enhancing  the 
bulk  electric  field  .so  as  to  comiiensale  for  the  electron 
attachment  loss.  Thus,  the  discharge  feature  tends  to 
shift  from  the  gamma  regime  in  which  the  secondary 
electron  emission  from  the  self-biased  t'F  electrode 
predoniinates  the  sustenance  of  the  discharge  to  the  alpha 
regime  in  which  body  ionization  process  becomes  more 
important. 

The  structure  of  the  energy  analyser  used  in  our 
experiment  is  shown  in  the  inset  of  figure  I ,  and  is 
similar  to  the  one  used  by  Okiino  cr  iil  |llj  It  was 
composed  of  a  retarding  grid,  an  insulating  spacer  and 
a  collector,  the  outer  and  effective  inner  diameters  o' 
which  were  HI  and  7  miri  res|X’clively.  Filters  for 
compensating  the  first  and  second  harmonics  of  RI-  space 

315 


c 

V 

£ 

-sol 

k 

-lot)  I 

I) 


< 


< 


4 


i 


I 


I 


i 


« 


I 


K  Tachibana  et  a! 


la) 


0.2i 

[4. 

uO.I 

u 


5  10  15 

ICncru)  IcV) 


20 


(h) 


^0.1 


5  10  15 

Kntrj»y  (eV) 


15 

13  445^^ 


20 


-II  ..cf^ 

10 

g 


0.2 

2  0.1 

0 


5  III  IS 
Kih'Ikj  k\ I 


IS 


20 


9 


II 


l(i) 


0.2 

*  15 

So.  I  |•V<^^' 

1 1 

10  jf- 
9 

0  .■'  10  15  20  ' 

ICiUTH)  li'Vl 

Figure  4.  eedf  measured  in  pure  Ar  plasma  ((a)  and  (b)) 
and  in  Ar  plasma  with  particles  ((c)  and  (d))  at  .several 
positions  within  the  electrode  gap  (probe  position  is  the 
distance  from  nr  electrode)  The  arrangement  of  the  probe 
is  as  shown  as  an  inset  in  each  figure 

pnientiul  liutlualion  were  connected  inde|X'ndenlly  hr 
ihe  (!rid  and  In  ihc  collector  In  this  measurement  the 
probe  coiiltl  have  itiven  some  disturhance  to  the  plasma. 
e.s|xcially  near  Ihe  sheath,  because  of  iis  relatively 
laryre  si/e.  but  the  characteristic  features  can  still  giv: 
qualilalive  results, 

Typieal  I  i-Di  s  nuMsured  hv  ihis  method  rn  Ar 
pl.i'-ni.is  wiih  ami  wiihoui  particles  are  sliown  in  liguie  4 
II  IW'i  lilleieiil  .irr.iiipenierits  of  the  .injlyser;  fased 


c 

e 


Ar  with  particles  — 
-  Pure  Ar 


0 

RF  elftirodc 


10  20 
Position  (moo 


30 

(iND  eketrode 


Figure  5.  Spatial  distribution  of  the  emission  intensity  of  an 
Ar  419.8  nm  line  between  the  hvo  electrodes  measured  in 
pure  Ar  plasr  and  Ar  with  particles. 

to  the  grounded  electrode  |(a)  and  (c))  and  to  the 
powered  electrode  (tb)  and  (d)).  The  EEDI-s  in  the 
bulk  plasma  shown  in  (a)  (e  g.  at  positions  I  1-1.5)  are 
smaller  for  higher  energy  electrons  than  Ihe  Maxwellian 
distribution.  In  the  latter  arrangement  the  probe  receives 
Ihe  directional  beam  ci'inponeni  of  high  energy  electrons 
accelerated  in  Ihe  sheath  toward  the  plasma  bulk. 
Therefore,  in  a  pure  Ar  discharge  the  measured  EEDFs 
shown  in  (b)  have  larger  high  energy  tails  than  tho.se 
in  (a).  In  Ihe  ease  ol  a  dusty  Ar  plasma,  the  higi' 
energy  tail  was  observed  even  in  Ihe  former  arrangement 
as  shown  in  (c)  and  became  closer  to  the  Maxwellian, 
which  suggests  that  there  exists  a  higher  electric  field, 
even  in  the  plasma  bulk,  to  heat  up  electrons.  The 
delected  electron  saiuralion  current,  however,  decreased 
to  about  2()‘'/f  in  Ihe  dusty  plasma.  This  shows  a  large 
number  ol  electrons  were  lost  by  attachment  to  particles. 

Observed  proliles  of  the  emission  intensity  of  a 
neutral  Ar  line  are  shown  in  tigure  5  with  and  without 
dust  particles  A  double  peaked  shape  in  pure  Ar  which 
typically  appears  at  relatively  higti  pressure  has  changed 
to  have  a  higher  intensity  over  all  the  hulk  region  in  the 
presence  of  particles.  This  indicates  that  Ihe  EEDF  in  Ihe 
bulk  plasma  lends  to  have  a  higher  energy  component, 
which  gives  an  effect  that  more  than  compensates  for 
ih.'  'fecrease  in  the  electron  density.  This  feature  is 
quite  similar  to  Ihc  one  previously  observed,  e  g.,  in 
electronegative  silane  plasma  which  contains  a  large 
number  of  negative  ions  1 12| 


3.  Mie  scattering  me.3surerr.ent 

For  Ihc  ellipsometric  Mie-sc.rtiering  measurement  of  Ihc 
particles  another  set-up  was  used,  as  shown  in  figure  6, 
The  chamber  of  X  >  S  cm  inner  cross  section  and  31)  cm 
length  was  equipped  with  a  circular  KF  electrode  of 
5  cm  diameter  and  a  rectangular  grounded  electrode  of 
22  >  It. 5  cm  The  cleciiode  se[>aralion  was  2.h  cm 
(i.is  inlet  and  outlet  pints  weie  arianged  lo  be  close  to 
e.ich  otliei  and  set  t.ii  Iiom  ihe  phisina  region  so  thal 
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Figure  6.  Schematic  diagram  of  the  experimental  set-up 
for  ellipsometric  Mie-scattering  measurements  (top  view). 

the  introduced  ga.s  flow  might  not  blow  away  particles 
trapped  in  the  plasma.  An  argon  ion  laser  operating 
at  a  wavelength  of  488  nm  and  an  output  power  of 
0.3  W  was  used  as  a  light  source  for  the  measurement. 
Laser  light  was  linearly  polarized  with  an  azimuth  of  45 
from  the  scattering  plane  through  a  Glau-Taylor  prism 
polarizer.  The  light  scattered  by  the  particles  at  00  from 
the  incident  laser  beam  was  ellipsomctrically  analysed 
using  a  rotattng  analyser  system. 

In  the  ellipsometric  measurement,  two  angle 
parameters,  'll  end  A.  are  obtained.  They  are  related 
to  the  amplitude  functions,  .V|(0l  and  i'i(O),  as 

tan  the''  =  S:W)/S,(f)) 

where  fl  is  the  scattering  angle  The  amplitude  lunclions 
arc  delinetl  as  |  n| 

V 

.V|(0)  =  ^1(2/1  +  I  l/nin  t  I )! 

fl  ] 

X  |u„n’„(co.sO)  s-  /)„r„icostr)| 


,S'i(0)  =.  t-  l)/'ri(.'i  4  III 

It  I 

X  |/j„.T,(cos  0 1  4- f/,|  r„  (cos  u  1 1 
where 

(i„  =■  1 1  S„  ( t  I.S„  1 1 )  ;n.S„  ( t  l.V,,  1 1  )  | 

.'I.V,'.  ( \  I  /„(  t  I  m  I'j  \  I.V,,  H  1 1 

h„  -  s  1  I  -  S',. I  i  I.S„i  \  )| 

'|rtt.S'„(  \  l/.,l  V  '  ■/'„(  l  I.S„I  1  11 

I'iiriclions  T,.  .itid  r,  arc  expressed  with  Legendre 
(lolv noiTiials  ,1s 

n„'C(is(M  --  I sin  ('I (cos  o  )| 

r„(cos  0  I  -  (d.'do  )|  /’.'(cosC'il 
,V,,|  1  I  and  /,  (  1  '  .irc  cxprcssi'd  with  Bessel  lunctioio  .is 

.S„  I  I  I  ----  (.7  1  ;  2) '  ■  ,/„  .  ,  (11 
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T„U)  =  5„(,it)  +  i(-l)''(7r,ir/2)''V_„_i/2(,t) 
and  X  and  y  are  delined  as 

.X  =  ttD/X 
y  =  mx 

where  A.  is  the  wavelength  of  the  scattered  light,  D  is  the 
diameter  of  particle  and  m  is  the  complex  optical  index 
Thus,  the  ellipsometric  parameters  can  be  calculated 
from  Mie  scattering  theory  if  the  particle  diameter  and 
its  optical  index  are  given. 

The  ellipsometric  parameters  on  angles  xh  and  A 
were  determined  by  two-inode  measurement;  with  and 
without  a  quarter-wave  plate.  By  this  mode  the  angle  A 
is  uniquely  obtained  in  the  full  range  of  .360’,  because 
A  is  derived  from  the  Fourier  eoeffieients,  which  are 
determineu  from  the  seattcicd  intensity  data  measured 
as  a  function  of  analyser  azimuth  in  the  form  of  cos  A 
without  a  quarter-wave  plate  and  in  sin  A  with  the 
plate.  The  ellipsometric  parameters  were  obtained  at  8  s 
intervals  from  the  average  of  5  time  measurements.  The 
rotating  analy.ser  system  was  mounted  on  an  x-z  stage 
so  as  to  acquire  position  dependent  information  on  the 
particle  behaviour 

Bclorc  the  measurement,  the  discharge  w'as  sustained 
in  pure  Ar  gas  under  the  following  conditions:  gas 
pre.ssure  of  41)  I'a,  Rf  power  of  2  W  and  gas  Ilow' 
rate  of  14  seem,  and  the  carbon  particles  were  injected 
instantaneously  into  the  p'asma  through  another  gas  inlet 
port 

'file  evolution  of  ellipsometric  parameters  during  the 
trap  ol  particles  measured  m  the  plasma  bulk  are  shovsn 
in  lie.iiie  7iai  I'lie  parameter  +  increased  with  titne 
('omparnig  the  ti.ijecioi)  m  iF  -A  coordinates  with  the 
theoretical  calculiiiion  with  some  diflerent  values  ol 
the  optical  index  ni.  the  best  111  value  is  determined 
to  be  2.5  -  t)  5i  for  the  carbon  particles  used  in  this 
experiment.  The  extinction  coelllcient  becomes  smaller 
thaiilhe  value  ol  evaporated  carbon  foil  (m  =  2.5  -(),8i) 
1 14|  The  Itinlici  evoliitioii  ol  ellipsometric  parameters 
has  bi-en  calculated  with  this  value  ol  optical  index  as 
shown  in  ligure  7(bi 

Figure  8  shows  schematically  the  bright  region  ol 
Mic  scaltcring  observed  by  the  naked  eye  at  the  miti.il 
stage  ol  particle  trapping  m  ibe  plasma  It  can  be  seen 
lioni  the  liguie  tli.it  the  paitulcs  weie  tiapped  around 
the  sluath  plasma  boundaiv  ne.ii  the  Kl  electrode  and 
.It  the  dome  region  in  tlie  holloin  ol  plasm. i  hulk  iieai 
the  grounded  electrode  The  lighi  mieiisils  .it  e.ich  point 
changed  with  tune  ,is  shown  in  Iigiiics  dial  .iiitl  (bg  It  is 
undersliHid  Irom  ihe  ligiires  thai  the  dome  region  slowly 
approaches  the  kl  eleilrode  dining  the  Inst  2011  s 

I'he  lime  evolution  ol  the  ellipMUnel.  ic  paranielei 
xp  IS  shown  in  ligore  III  lor  e.icli  point  on  the  centre 
axis  ol  the  pl.isiii.i  As  4'  posiliveK  i  oriel. lies  with 
particle  diaiiielci  .is  long  .is  it  is  sni.illei  lb, in  281)  nni 
( .\  IS  huger  lb. ill  221)  ,  see  ligure  /(hi),  the  mcie.ise  ol 
p.ti'lii  lc  diamclei  w.is  l.iigei  in  (he  pl.isiii.i  hulk  ih.in  ne.it 
Ihe  sheath  pl.isni.i  hound. ii\  n,  the  uidr.  .ited  nine  r.iiige 
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Figure  7.  Evolution  of  the  elllpsometric  angles,  (a) 
Experimental  data  superimposed  on  the  theoretical 
curves  for  several  values  of  the  optical  Index,  (b)  Further 
evolution  of  ellipsometric  angles  calculated  fc  r  larger 
diameter  particles  using  the  opticai  index  of  2  5  -  0  5i. 
Lozenge  is  marked  at  every  100  nm  increment  of  diameter. 


Figure  9.  Time  evolution  of  the  scattered  light  intensity. 
A-%1  indicate  the  measuring  positions  shown  in  figure  8. 


60 


RF  electrode 


Grounded  electrode 

Figure  8.  Scheme  of  bright  region  of  Uie  scattering  from 
particles  (indicated  by  hatching).  Closed  circles  indicate 
measuring  positions.  A,  B.  C,  and  D  are  on  the  centre  axis 
of  plasma  and  5,  10,  15,  and  18  mm  downward  from  the  nr 
electrode  respectively;  E,  F,  and  G  are  15  mm  downward 
from  the  nr  electrode  and  1 0,  20,  and  25  mm  outward  from 
the  centre  axis  respectively. 

For  the  'jujniitative  analysis  of  the  diameter  and 
density  of  the  particles,  the  theoretical  calculation  of 
Mie  scattering  was  performed  using  the  data  given  in 
figure  9(t')  and  figure  10  and  the  optical  index  of  the 
particles  determined  in  figure  7(a).  As  seen  from  the 
results  shown  in  figure  11,  it  is  suggested  that  the 
particles  trapped  in  the  bulk  plasma  move  slowly  to 
the  RF  electrode,  and  that  the  diameter  increases  after 
the  density  reaches  a  [seak  (at  positions  C  and  B).  This 
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Figure  10.  Time  evolution  of  ellipsometric  angle  lU  A-D 
indicate  the  measuring  positions  shown  in  figure  8 

implies  that  the  particles  coalesce  by  colli  .unis  into 
larger  diameter  ones,  and  they  a.c  iiansferred  towards 
the  RF  electrode  predominantly  by  ion  drag  foite  |.)|. 
The  size  of  particles  existing  near  tlic  sheath  plasma 
boundary  (at  position  A)  from  the  beginning  is  siiuill  as 
car  be  seen  in  ligure  10,  so  that  they  can  stay  there  lor 
a  longer  time  as  a  result  of  balance  between  cleclrostalis 
and  ion  drag  force... 

The  obtained  density  of  particles  is  of  the  order  of 
lO*'  cm  '  as  shown  in  ligure  II.  II  the  electionegative 
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Figure  1 1 .  Time  evolution  of  the  density  and  diameter  of 
particles.  6-0  indicate  the  measuring  positions  shown  in 
figure  8. 

nature  is  attributed  tr.  the  presence  of  particles  the  net 
charge  on  a  particle  is  estimated  to  be  lO*  in  order  to  be 
balanced  with  the  positive  ion  density.  This  is  consistent 
with  the  results  derived  in  [3.5|  from  a  probe  theory. 

4.  Discussion 

From  the  results  of  probe  and  ellipsometric  measure 
menls,  the  behaviour  of  particles  in  the  plasma  can  be 
imaged  as  follows.  For  the  first  2(X)  s  after  injection, 
the  particles  are  trapped  mainly  within  the  dome  region 
in  the  hulk  plasma,  where  the  time-averaged  plasma  po¬ 
tential  is  most  positive,  as  well  as  in  the  sheath-plasma 
boundary.  The  negatively  charged  particles  enhance  the 
electric  tield  in  the  hulk  plasma  region  by  reducing  the 
sheath  voltage  slightly  through  the  change  in  the  self-bias 
voltage  at  the  RF  supplied  electrode.  This  bulk  field  then 
stimulates  the  body  ionization  process  for  sustenance  of 
the  discharge  so  as  to  compensate  the  electron  loss  by 
attachment. 

During  this  stage  particles  increase  their  diameter  by 
mutual  coalescence  and  move  towards  the  RF  electrode 
by  ion  drag  force.  After  about  2(X)  s  the  particles  in 
the  bulk  plasma  arc  lost,  because  the  force  balance  on 
weighted  particles  changes:  they  might  fall  onto  the 
grounded  electrode  by  gravity  or  be  pumped  out  of  the 
plasma  region  with  the  gas  flow,  and  the  few  remainder 
reach  the  sheaih-plasina  boundary.  Particles  trapped  in 
the  boundary  region  at  the  beginning  are  smaller  in 
size  and  the  density  decreases  slowly.  It  is  expected 
that  particles  of  larger  size  are  distributed  towards  the 
RF  elect'^ode  because  the  ion  drag  force  becomes  larger 
but  the  density  lends  to  decrease.  Unfortunately,  our 
measurement  was  impossible  near  the  RF  electrode  due 
to  the  limiting  size  of  the  viewing  window 


After  grown-up  particles  of  larger  size  are  lost 
and  the  total  number  becomes  smaller  in  the  bulk 
plasma,  the  potential  (electric  held)  distribution  in  the 
plasma  goes  back  to  the  gamma  regime,  in  which  the 
secondary  electron  emission  at  the  cathode  becomes 
more  important  for  the  discharge  sustenance  as  in  a 
plasma  of  electropositive  gas. 

To  summarize,  the  changes  in  space  potential  and 
the  electron  energy  distribution  function  in  the  piesence 
of  particles  have  been  measured  by  using  electric 
probes.  The  conclusions  drawn  from  the  measurements 
are  consistent  with  the  previously  reported  theoretical 
prediction  ( 1  ],  showing  that  the  transition  from  gamma 
to  alpha  regimes  occurs  as  the  density  of  injected 
particles  increases  in  order  to  compensate  for  the  electron 
attachment  loss  onto  the  particles. 

From  the  long  term  observation  of  trapped  particles, 
tlic  growth  and  the  slow  movement  of  particles  towards 
the  RF  electrode  has  been  analysed.  It  is  also  shown 
that  the  c ilipsometric  detection  method  of  Mie  scattering 
propose-  for  the  hrsl  time  in  this  paper  has  an  advantage 
over  a  previously  used  conventional  method.  This  will 
be  demonstrated  more  clearly,  e  g.,  in  the  measurement 
of  particles  growth  with  size  dispersion.  It  is  evident 
from  figure  7(b)  that  the  parameter  'I'  corresponding 
to  the  polarization  ratio  in  a  conventional  method 
becomes  a  multiple-valued  function  of  the  diameter.  The 
othe''  parameter  A  given  by  our  method  dissolves  the 
multiplicity  in  the  trajectory  on  the  'I'-A  plane. 
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Abstract.  In  situ  Fourier  iransform  infrared  spectroscopy  has  been  used  to  study 
particulate  formation  in  a  CCI^F;,  Ar  rf  discharge.  Strong  absorption  bands  at 
1000  1 100  cm  '  have  been  found  and  attributed  to  C-F  and  Si-F  absorption. 
Furthermore  continuous  extinction  due  to  Rayleigh  and  Mie  scattering  fias  been 
observed.  The  relative  intensities  of  C*F.  Si-F  and  scattering  signals  vary  with  plasma 
conditions.  There  are  several  experimental  indications  that  the  dusters  are  formed  on 
the  surface  and  ejected  into  the  plasma  An  sem  study  of  the  substr.ite  surface  has 
allowed  us  to  establish  the  mechanisr'-.  lor  the  particulate  production  m  this 
discharge. 


1.  Introduction 

Much  cfl\ut  lias  rccciiilv  been  nuuJe  t-lanh  the 
fi>rnialn>ii  mi-chanisrn  ol  nuu n'sopic  paiiiculalcs  in  an 
H\  plasma  tfiic  lu  Ihcir  Jcsliudt'.c  role  in  suiKkc  pro 
ccssinc  like  vlcpoMlioii,  cichintJ  or  spiiltcnuk’  A  lull 
uiKicrsl.ifuiiiu'  ol  itu'  loiniali  Ml  pr{>ccss  v^milii  inU  imK 
help  In  present  surLke  ciMilaminalum  hu(  initilil  also 
resiih  in  means  ot  ssniliesi/iiie  j>o\sders  vmiIi  stmu- 
liesireii  pfusical  properiies  I  he  sariclv  ol  fias  inixiurcs 
.iiui  plasma  eoiulitioiis  in  \dikli  ihe  parlieulale  (onna 
lion  lakes  plaee  makes  i!  Jiniculi  !o  Imd  mu'  jieneral 
nieehanisin  Im  ihe  lonnalion  pioce'^s  Ai  least  two 
tna|or  parikiilaif  prodiKiion  channels  tan  le  Jistin 
^iiiisfk'vl  <  )n  one  luiui  chkier  h-rmalion  c.m  ikciii  in  llu- 
plasma  due  lo  ladkal  and  ion  mdikvil  pi>lvineri/atii>n 
real  lions,  e  e .  m  SiM^  Ar  depo'-Kion  plasmas  |  1  In 
olher  diM.haii.:es  ii  h.is  been  shown  ilial  ihe  surlace  pla\s 
an  imporlan!  role  in  ihe  lormalion  piiHCss.  eilhei  b> 
suppKine  diietils  larue  i.!nstei'  [  4  j  t»\  pioviilme 
ilk  reaeliv'.'  spec  ies  |  r  j  In  order  lo  rJikiil.ite  (Ire  atlual 
lormalnm  pokess  in  .i  ei\en  eas  niiMure  anil  wonliL’ur 
anon  ii  is  iu\ess.ir\  (o  nioiiiior  ihe  parlkulate  coniposi 
lion  during:  die  >:rowih  piotess  ll  llie  duslers  eoniain 
inlrared  .ultve  hoiuls,  ihis  .uiai>s,s  e.in  be  easiK  per 
h'rmed  usinc  f('urier  (laiisl  'im  inlrared  absoipinm 
spec[rosi.o['*\ 

in  lliis  \v<)rk  we  appi\  ihis  lechniijne  lo  pariicuiaies 
lormed  in  an  \i  (  (  1,1  ki  dkcharee  witli  v.iivine 
aclke  iMs  eonlenl  In  ihis  kind  o|  jihism.j.  ».luslers  .iie 
lormed  reiUliK  with  UfMi.il  iime  Lonst.mi'  ol  I  inin  n* 
I  h.  depending  on  the  pl.isma  i.ondinons 

096.^  94  ie.k"  ■  Sr  '  '  c  '  ru  H  .'f' 


2.  Experimental 

I  he  ovpenmenrs  \eere  pcrioimed  in  a  I  ^  >b  MU/  capac- 
iiivelv  ci'iipicd  ('lasin.'  in  a  planar  )3.4crn  tliamelcr 
parallel  plate  conlicuratnm  I  he  dist.mcc  between  the 
alunnmiiin  elccirodes  was  ^cin  On  lop  ol  the  lower 
watcf-c(*oled  ri  electri>de  a  lOcm  silicon  water  was 
placed  I  he  input  pi>wer  could  he  v.trieil  bciween  I)  and 
I  'd  V\  !  he  iiascs  were  led  through  mass  How  controlkTs 
and  inlnkluccd  hoiin)gcne(Uisi\  through  a  slil  around 
the  HI  clcclroile  Ihe  gas  pressure  and  lli>w  eouKI  be 
\aried  uulependenilv  trom  ^  li»  >110  m  I  orr  aiul  Irtun  V,  to 
|ix)  seem  rcspeclivcl).  using  a  ihrotlle  valve  in  Ilk 
pumping  line  ol  a  roots  blower  or  a  turbo  molecular 
pump  Ivpical  condiiions  in  ihis  vvoik  were  power 
inpiii  IIHIW.  pressure  JiK)  m  I  orr.  total  gas  |li>v\  hisccin 
VVe  studied  particiil.ite  lormalion  in  .i  pl.isma  containing 
((I  I  .III  Ar  Allerw.irds  a  pure  argon  pl.rsnia  w  as 
applioil  t<»  the  same  wafer  and  a  rapid  formation  of  a 
particle  diuue'  above  Ihe  wafer  was  i^hserved 

\  siheMkilic  di.igr.im  ot  the  e\f>eiimenlal  set  up  is 
sliown  111  hgure  1  1  »>i  (he  inirareil  measurements  Ihil  , 
wimlows  \-.cre  mouiiled  Ihe  speelr.i  were  collecled 
Using  a  Hri.ker  II  S  f)h  I  ouriei  iraiislorm  infraici!  inlef 
lerometer  (I  MR)  wilh  .i  glow  har  as  a  vonlinikuis  light 
snuree  1  hi  i  mh  i-.  Iv.isieallv  a  Miclielson  miettefomeiei. 
supplied  wiih  .1  h  \ed  an'.l  .i  nii>\me  mirror  lliis  jmo 
vides  a  tiok'  v.iiving  inlt  rtetence  signal  lor  .ill 
w.ivelenglh-.  I  he  jcii.illel  be.im  eviling  Ihe  siveir.mielef 
was  diiec’  v!  ihioogh  Ihe  id.isiiia  (single  p.issi  .iiul  .t 
I  mm  di.i'd  ragm  I  in.illv  ii  w.i,  housed  wiih  .i  M.il 
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Figure  1.  A  schematic  diagram  of  the  experimental  set-up. 
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A  Fourier  transform  of  the  detector  signal  yields  a 
speeirum  in  the  wavelength  range  of  800  .“iOOO  cm"' 
with  a  spectral  resolution  of  4  cm" Spectra  were  taken 
at  a  rate  of  15  Hz.  A  typical  measurement  was  an 
average  of  a  few  hundred  spectra.  The  plasma  reactor 
has  been  translated  vertically  in  order  to  obtain  axially 
resolved  absorbtion  spectra.  In  order  to  eliminate  the 
plasma  absorption  reference  scans  were  taken  immedi¬ 
ately  after  the  plasma  had  been  switched  on.  In  this 
period  no  dust  could  be  detected,  even  by  .ncans  of 
visible  light  scattering  or  the  laser  ablation  method  (see 
[7,8]).  These  reference  scans  in  a  dust  free  plasma  were 
collected  before  and  aftci  each  measurement  to  avoid  a 
possible  influence  of  the  deposition  layer  on  the  win¬ 
dows,  and  variations  m  the  intensity  of  the  gl.iw  bar  and 
the  sensitivity  of  the  detector. 


3.  Kesults  and  discussion 

The  size  and  density  of  the  clusters  formed  m  our 
discharge  were  strongly  dependent  on  plasma  cottditions 
[7,8],  Typically,  the  particulates  appear  .it  high  ki 
power  input  (  j'SdW)  and  at  relatively  high  pressures 
( .>  100  in  Torr).  The  rarticulate  density  decrea>es  with 
increasing  gas  flow  and  decreasing  plasma  volume,  most 
likely  due  to  a  limitation  of  the  residence  time  of  active 
species  m  the  plasma.  The  presence  of  an  Si  wafer  on  the 
electrode  's  .■sscntial  for  particulate  formation  which 
suggests  that  the  surface  chemistry  is  at  least  partially 
responsible  for  this  process.  The  particulates  were  for¬ 
med  in  a  discharge  containing  up  to  ,70“ <,  (  f 'l_.T T  Their 
density  decreases  and  their  si.'c  incretises  with  increasing 
('('IT- ,  parbal  pressure. 

In  a  plasm  I  containing  I0“n  ('('l  ,F,  or  nioic  mainly 
large  clusters  (  ^  1  /im)  were  present,  ihe  laigesi  ones 
reaching  millimeter  size  The  clusters  formed  relatoely 
slowly  (time  constant  '.TOniin)  and  they  were  strictly 
conliiied  m  a  thin  (;.  1mm)  dome,  locali/ed  at  the 
glow-sheath  boundary  above  the  wafer  I  vpical  absorp- 
l.on  spectra  of  these  clusters  for  several  times  of  plasma 
operation  are  shown  in  figure  2  The  'continuum  absorp¬ 
tion'  I-  in  fact  due  to  light  scattering  tm  these  particu¬ 
lates,  and  It  has  a  typical  de[>endence  on  the  photon 
energy  In  the  low  photon  energy  region  Ihe  ,'siiiuii  n 
’.hows  approximately  the  Kayleigh  luuilh  j-  wei  i. 
pcndencc  on  the  wavenumber,  a-,  shown  in  tigurc  I  ■ 
higher  wavenumbers  the  absorption  deviates  fimi:  lii- 


wavenumber  (cm ') 

Figure  2.  Infrared  absorption  spectra  ot  particulates  formed 
in  a  plasma  of  10'’-o  CCI^Fj  in  Ar  for  various  times  of  plasma 
operation.  The  .spectra  have  been  averaged  over  500  scans. 
The  continuous  band  in  which  intensity  is  increasing  with 
wavenumber  is  due  to  scattering  on  particulates.  A  weak  C-F 
absorption  band  around  1200  cm  '  is  visible.  The  other 
absorption  bands  are  due  to  water  and  CO^. 

Kiiylcigh  law  as  the  scattering  enters  the  Mie  regime. 
The  specilic  band  absorption  for  these  particulates  is 
weak  in  comparison  with  scattering  Figure  4  displays  a 
broad  band  around  I2(K)  cm  '.  stipeiposcd  on  the  tail 
of  the  scattering  signal.  Based  on  ihe  infrared  absorption 
of  C-F  containing  molecules  this  band  Is  likely  to  be  due 
to  C-F  absorption.  O'Neill  ei  til  reporicd  an  intense 
('-('!  absorption  at  7(X)  cm  '  and  a  very  weak  ('-F  band 
in  an  n.v  infrared  spectrum  for  particulates  produced 
in  comparable  conditions  [y].  In  order  to  clarify  the 
origin  of  these  particulates  and  their  relation  to  surface 
processes  the  SI  wafer  alter  plasma  operation  was 
studied  by  me.ins  of  scanning  electron  mictoscopy  (m  m). 
A  typical  si.M  photograph  of  the  sample  (ligure  .5)  shows 
curious  'sea  polyps',  standing  vcrlically  on  Ihc  surface. 
These  sliuclurcs  seem  to  be  hollow  and  their  material  is 
probably  dilTerenl  from  the  cryslulline  wafer  material. 
Such  structures  can  he  obtained  by  micromasking,  fol¬ 
lowed  by  almost  anisottopic  etching  .if  Si.  As  the  side- 
walls  arc  not  suh|ccl  to  ihc  inn  bomhardrnent  a  layer 
can  be  depusiled  on  ihem.  I  hi-;  process  is  known  as 
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Figure  3.  A  typical  absorption  spectrum  of  particulates 
formed  m  i  i0“„  CPI  F  pl.nsma  The  broken  r  irvo  e;  ,i 
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Figure  4.  A  part  of  the  absorption  spectrum  of  particulates  in 
a  10%  CCI^F,  plasma,  showing  a  broad,  weak  absorption 
band  superposed  on  the  scattering  signal  (broken  curve). 
This  band  can  be  attributed  to  C-F  absorption. 


Figure  S.  An  sem  oI  the  surface  of  a  Si  wafer,  treated  by 
Ar'CCIjF,  plasma.  The  photograph  is  taken  under  45  .  The 
structures  on  the  surface  with  a  typical  height  of  1  pm  are 
probably  the  result  of  micromasking  and  anisotropic  etching 
of  the  substrate.  It  these  structures  break,  they  are  ejected 
into  the  plasma. 

sidewall  passivation.  Finally  the  rnicromask  is  removed 
and  the  inner  silicon  is  etched  away,  w  hile  the  relatively 
inert  external  coating  ^lays  intact.  ITiis  mechanism  can 
lead  to  the  I'ormation  tif  the  hollow  ’sea  polyps'.  How¬ 
ever.  the  origin  of  the  masking  agent  is  still  not  cleat 
The  SEM  pictures  show  that  the  structures  tsecome  nar¬ 
rower  towards  their  base,  indicating  that  after  some  time 
they  break  and  possibly  enter  the  discharge.  As  tsolh  the 
surface  and  the  structures  are  negatively  charged,  lliey 
will  be  accelerated  through  the  sheath  into  the  positive 
glow  Therefore  we  suppose  that  at  least  a  part  of  the 
clusters  in  a  CCIjFj/Ar  discharge  comes  directly  from 
the  surface  F  rom  the  above  consideration  il  is  clear  that 
a  silicon  wafei  is  needed  for  me  particulate  production. 


FJowever,  it  is  not  necessary  that  the  clusters  contain  only 
Si.  In  fact  their  major  component  can  be  the  halocarbon 
deposition  layer.  This  mechanism  is  supported  by  the 
experimental  observation  that  the  particulates  appear 
sooner  if  the  wafer  has  previously  been  treated  with  an 
Ar/CCljFj  plasma.  As  a  processed  wafer  already  has  a 
developed  surface  structure,  particulate  production  can 
start  immediately  after  the  plasma  is  switched  on. 

The  efficiency  of  the  described  process  is  strongly 
dependent  on  the  ion  bombardment  on  the  surface.  It 
has  been  shown  [10]  that  both  positive  ion  fiux  and  ion 
energy  to  the  surface  decrease  with  increasing  CCIjTj 
fraction  in  Ar  plasma,  Therefore  it  can  be  understood 
that  the  clusters  are  formed  more  readily  at  low  CCI^Fj 
densities.  Moreover,  the  most  efficient  duster  produc¬ 
tion  can  be  expected  In  a  pure  Ar  plasma  with  a  wafer, 
which  has  been  processed  in  an  Ar/CCl.F,  mixture. 

In  order  to  verify  this  hypothesis  a  'dusty'  argon 
plasma  was  prepared  as  follows:  first  a  10%  CCI2.F2  in  Ar 
plasma  was  operated  for  about  2  h.  Subsequently  the 
chamber  was  evacuated  and  a  pure  Ar  plasma  was  started. 
In  these  conditions  a  5  mm  thick  dome  of  relatively  small 
clusters  was  formed  above  the  wafer.  The  clusters  ap¬ 
peared  within  a  few  minutes  and  they  were  more  abun¬ 
dant  than  in  aCC  l,Fj  containing  plasma.  As  there  was  no 
active  gas  in  the  plasma  the  particulates  must  come  from 
the  surface.  They  arc  most  likely  sputtered  from  the  Si 
wafer,  in  agreement  with  our  previous  considerations. 

Infrared  absorption  spectra  of  these  particulates  at 
several  times  of  plasma  opc.  ation  are  shown  in  figure  6, 
Indeed,  the  formation  lime  is  shorter  than  in  the  C'CljF'j 
containing  plasma  (figure  2),  Besides,  the  shajx:  of 
the  scattering  curve  indicates  that  the  particulates  arc 
smaller.  Most  striking,  however,  is  an  intense  absorption 
band  around  ll(X)cm  '.  In  figure  7  the  absorption 
bands  at  different  positions  in  the  plasma  are  shown. 
They  clearly  consist  of  two  overlapping  bands  around 
1100  cm  ‘  and  1000  cm  '  Based  on  the  gas  absorp¬ 
tions  we  allribiiie  'he  former  to  t  -F'  and  the  latter  to 
Si-F  absorptions  in  accordance  with  Ganguly  el  ul  [II] 
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Figure  fl.  Absorption  spectra  ol  pailiculales  In  a  'dusty' 
argon  plasma  loi  various  times  of  plasma  operation.  A  wafer 
treated  for  2h  m  an  Ar  CC1,F.;  plasma  has  been  used  Ncile 
the  strong  absorption  around  1 1 00  cm  and  lower 
continuous  extinction  due  to  scattering 
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Figure  7.  Absorption  spectra  of  particulates  in  a  'dusty' 
argon  plasma.  (A)  at  5  mm  and  (B)  at  8  mm  above  the  rf 
electrode.  The  absorption  consists  of  two  overlapping  bands, 
which  can  be  attributed  to  Si-F  (1000  cm  ')  and  C-F 
(1 100cm  ').  Their  ratio  depends  on  the  position  in  the 
plasma. 

The  absorptions  of  these  two  bands  as  a  function  of 
height  arc  shown  in  figure  S  From  this  vertical  scan  it 
follows  that  the  particulate  dome  in  this  plasma  is  veiy 
structured.  Namely,  the  silicon  rich  clusters  accumulale 
mainly  close  to  the  at  electrode  The  mammum  C-F 
absorption  can  be  found  higher,  while  the  scattering 
signal  reaches  a  maximum  even  higher,  al  the  top  of  the 
dome.  It  is  not  clear  whether  this  is  due  to  a  gradual 
change  in  the  chemical  composition  and  si?e  of  the 
cluster,  or  the  presence  of  several  essentially  different 
kinds  of  clusters  having  different  spatial  distributions. 
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Figure  6.  Absorption  signals  due  to  C-F,  Si-F  and  scaled 
scattering  as  a  function  of  time  of  plasma  operation  in  a 
'dusty'  argon  plasma  8  mm  above  the  rf  electrode.  The  ratio 
of  C-F  and  Si-F  absorptions  remains  constant  with  time, 
while  the  relative  scattered  intensity  increases.  In  the  upper 
left  corner  the  signals  during  the  first  20  min  are  exhibited. 

Finally  in  figure  9  the  time  development  of  the  three 
signals  at  one  position  is  presented.  It  can  be  seen  that 
the  ratio  of  C-F  to  Si-F  is  constant  with  time,  while  the 
ratio  of  scattering  to  band  absorption  increases  with 
time.  This  indicates  that  the  particulate  size  increases, 
whereas  their  composition  remains  the  same. 

These  measurements  show  that  infrared  absorption 
spectroscopy  not  only  gi'.c.s  information  about  particu¬ 
late  composi'ian,  but  also  it  can  be  a  sensitive  technique 
to  study  the  early  phase  of  paniculate  formation. 


4.  Conclusions 

riic  major  source  of  particulates  in  an  Ar  C'CljFj  RK 
dischaigc  is  ihc  sdicon  subsiralc  surface.  Based  on  an 
ShM  study  of  the  wafer  surface  a  mechanism  for  cluster 
production  is  proposed,  Under  etching  conditions  (10% 
CCIjFj)  elongated  verlical  slructurcs  on  Ihe  Si  surface 
arc  formed,  probably  due  to  nucromasking  and  subse¬ 
quent  anisotropic  etching.  The  structures  break  as  a 
result  of  slight  underctchmg  and  appear  in  the  plasma 
as  macroscopic  particulales,  Inicnsive  ion  bonibardmen! 
accelerates  the  particulate  production.  Surface  structures 
formed  in  the  etching  plasma  can  be  iherelore  very 
cITicicntly  spiillcrcd  in  pure  argon.  T  he  clusters  observed 
in  a  pure  Ar  plasma  exhibit  intense  infrared  absorption 
at  lOfX)  1 100  cm  which  indicates  the  presence  of  C'-l 
and  Si-F  bonds  in  the  sputtered  material  In  conirast, 
particulates  formed  in  10%  CCI  .F,  show  only  a  weak 
absorption  in  this  region.  In  boih  cases  large  scattering 
signals  have  been  observed 
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Figure  8.  Absorption  signals  due  to  C-F.  Si-F  and  scaled 
scattering  as  a  tunction  oi  height  above  the  rf  electrode  in  a 
'dusty'  argon  plasma  after  one  hour  of  plasma  operation  It  is 
clear  tliat  the  three  signals  reach  their  maximum  in  intensity 
at  different  heights,  wrhich  displays  the  structure  of  the 
particulate  'dome' 
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Abstract.  Sources  of  particles  in  a  closed-coupled  electron  cyclotron  resonance 
plasma  source  used  for  polysilicon  etch  included  flaking  of  a  residual  film  deposited 
on  chamber  surfaces  and  shedding  of  material  trom  the  electrostatic  wafer  chuck.  A 
large,  episodic  increase  in  the  number  of  particles  added  to  a  wafer  in  a  dean  system 
IS  observed  more  frequently  for  a  plasma-on  than  for  a  gas-only  source  condition.  For 
film-forming  process  conditionb.  particles  were  added  to  wafers  by  a  residual  film, 
which  was  observed  to  fracture  and  flake  away  from  chamber  surfaces.  The 
presence  of  a  plasma,  especially  when  radiofrequency  bias  is  applied  to  the  wafer, 
caused  inore  particles  to  be  ejected  from  the  walls  and  added  to  wafers  than  the 
gas-only  condition;  however,  no  significant  influence  was  observed  with  different 
microwave  powers.  A  study  of  the  effect  of  electrode  temperatures  on  particles 
added  showed  that  thermophoretic  and  gravitational  forces  are  not  signihcant  for  this 
electron  cyclotron  resonance  operating  configuration.  Particles  originating  from  the 
electrostatic  chuck  were  observed  to  be  deposited  on  wafers  in  much  larger  numbers 
in  the  presence  of  the  plasma  as  compared  with  gas-only  conditions,  implying  the 
existence  of  a  large  ion  drag  force. 


1.  Introduction 

The  sources  an'.l  behavuMir  of  p.iriiclc'-  in  processing 
plasmas  are  i)f  critical  inieresi  in  ihc  fieUl  of  ^efMlc^•lu^»lc• 
lor  water  labrication  Alifuuigli  panicle  generation  in  a 
plasma  s\stcm  was  hrsi  rept»r(ed  in  l^s*'  [1  ).  Ihe  pres¬ 
ence  ot  parliculale  cimlamm.ition  and  particle  dcpi^M- 
iion  on  wafer  mu  faces  has  been  observed  for  t*ver  .i 
decauc  b>  users  id' pLiMii.i  processes  m  the  semict'iuluc- 
lor  iiidustr)  Only  in  the  ia^l  lew  years  have  nu>dcMing 
studies  as  well  as  sysiemalic  »ind  re. d  time  c  vperiincnia! 
studies  been  [vrl'ormetl  on  plasma  s\  .lenis  as  a  means 
under^landln^  arul.  il  is  hiiped.  v.mirolling  p;  rtijc 
generation  {  2  9j  I  he  nioiivation,  well  known  .md 
appreciiited  in  the  high  densits  mieitiaied  cirtuii  maiui- 
faclunng  industry,  is  lo  reduce  yield  li'ss  due  It'  walci 
level  paniculate  ci'iitamuiaiion 

With  the  adveni  ol  high  deiiMlv.  low  piessiiie 
plasma  sources,  such  as  elenron  iviloimn  reMUi.ince 
(K  K  I,  radio  frequenev  iruluvti  -n  (HIIi  .ind  hehciui  s\s- 
lenis  as  promising  candulales  lor  viifc.d  l.o  er  elcfung. 
there  Is  great  ir  est  m  the  p.oMele  genefatn»n  moifes 
arul  transport  char.ieter  isl'cs  Inf  these  tools  for 
ev.miple.  recent  modelling  \ork  by  (ir.ives  i!  ul  has 
deimmsi  1  .lied  that  (or  ui  i<  h  sourn-  p.iiiicle  ir.jppme 

jPfpf;eni  address  Applied  t*-  ei  <  e  arid  rn  «.!..igy  inr, 
Massaenusens,  USA 


IS  less  likely  than  fi*r  parallel-plate  electrode  plasma 
Sources  [IDJ  ,A  recent  report  by  .Selwyn  {II  |  reporting 
laser  light  scallcring  results  from  an  it  k  lm>l  is  cited  as 
evidence  conlirniiMg  tins  prediction 

In  this  pajvr  wc  reptut  post  processing  wafer-level 
particle  ctHJnl  results  (using  a  laer-hased  surface  particle 
delect<»i)  Iron)  a  close-couplcd  i  t  k  etch  loo)  I  lu  inMu- 
ence  of  the  plasma.  Us  chaiaeiensiics  and  the  reaettu 
conditions  on  particles  from  two  principal  sources  is 
investigated  I  he  lwi>  sources  arc  p.irlicles  generate  I  by 
cracking  and  delaminalii*n  of  .t  residual  lilm  depi'siied 
on  chamber  walls  tlurmg  n  k  etching  i>l  polysihcon  .ind 
particle',  horn  the  elecirosiatie  Wider  chuck  iranspor leil 
onto  the  wafer  by  a  hurst  ot  lie  from  tlie  h.ick  side  o( 
lire  walcr 


2.  Experiment 

I  he  cimllguration  ol  the  etching  tool  is  sfiown  in  tiguie 
I  .M'v  (  iH/  iniLfow.ive  po  ,vcr  (0  1 4(  H)  )  i-,  mtrothii.cil 

llnough  .cclangutar  .ind  circul.ir  wavegiiules  into  (he 
cpiart/  Ih'H  (.if  Ihe  :.i.igne(K  liel.l  are  prod').-  '  ■,  i... 
cod-  .onccntin  wi(h  the  process  chamber  with  eurieni 
laiiges  «>l  I ‘V  A  (up(UT  ».od)  ad  ^  2'' A  (lower  voih 
the  leson.ifice  /twie  (noimnally  S’‘(»  was  nie.isuted 
evjvrimemally  to  occur  .d  ss  mm  ah,  .c  ihe  waler  a(  c  dl 
current  settings  t>f  ^OA  (rpivr)  and  ♦  A  iloweri  r  tin 
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Figure  1.  Configuration  of  the  close-coupled  electron 
cyclotron  resonance  plasma  reactor. 

process  conditions  in  this  work.  I  he  chamber  is  evacu¬ 
ated  by  a  3000  1s  '  turhomolecular  pump  through  a 
large  e.vhaust  port  below  and  lo  the  side  ot  the  wafer 
chuck.  The  base  pressure  of  the  chamber  is 
I  X  |0  " Torr.  Process  gases  are  introduced  through  a 
gas-distribution  grounding  ring  around  the  base  of  the 
bell  jar.  The  system  can  be  conligured  for  1  iO  or  300mm 
wafers,  which  are  introduced  into  the  chamber  through 
a  separately  pumped  load  lock  and  clamped  onto  the 
chuck  electrosla'  'ally  with  SIKI  V  clamping  voltage. 
The  electrostatic  chuck  is  assisteil  by  a  mechanical 
clamp  ring  with  Ihcomact  pointsaround  the  wafer.  I  or 
particle  sludics  under  gas-only  tno  plasma)  conditions, 
no  electrosttitic  clamping  occurs,  Kadiolrequeney  power 


(2MHz)  in  the  range  0  140W  is  applied  to  the  chuck 
for  substrate  bias  control.  Wafer  temperature  control  is 
achieved  by  circulating  coolant  (from  -50  to  -|-80‘’C) 
on  the  back  side  of  the  chuck  and  applying  helium  to 
the  back  side  of  the  wafer.  Electrode  temperature,  taken 
to  be  the  coolant  temperature  exiting  the  electrode,  was 
maintained  at  20°C  for  all  studies  except  where  noted. 

Wafer-level  particle  count  data  were  obtained  using 
a  488  nm  Ar  ion  laser  surface  particle  detector  (Tencor 
Surfscan  6200).  3  mm  edge  exclusion  was  employed  to 
eliminate  observation  of  surface  damage  caused  by  the 
mechanical  clamp  fingers.  All  experiments  were  per¬ 
formed  in  a  state-of-the-art,  class  I  clean  room  using 
pro|ver  clean  room  practice.  Particle  lest  wafers  were  1 50 
or  200mm  diameter  bare  silicon  substrates  of  prime 
grade  (virgin)  for  studies  during  etch  processing  in  a 
clean  chamber;  monitor  grade  wafers  were  used  for 
studies  of  a  heavily  particle-contaminated  chamber. 
Only  wafers  with  15  or  fewer  starting  particles  greater 
than  0.3 Jim  in  size  were  used  in  the  testing,  and  most 
had  fewer  than  ten.  All  particle  measurement  data  were 
obiained  using  the  following  [-.roccdure.  lest  wafers 
were  flat, m  Ich  oriented  and  ihcn  pre-measured  just 
prior  lo  loading  inio  the  etch  tool;  then  the  wafers  were 
post-measured  just  after  exiling  the  plasma  system.  No 
manual  wafer  hamlling  was  performed  between  the  pre- 
and  posi-measurenienis  Wafers  are  transferred  from  a 
load  eassclle  to  an  unload  cassetle  as  a  conseguence  of 
the  etch  tool  wafer  process  seguence  t'onlrol  wafers 
were  run  at  regular  intervals  and  consistently  showed 
less  than  two  p.irlicles  added  lo  wafers  as  a  result  of 
m.imial  cassette  handling  during  transfer  between  the 
measurement  tool  ;ind  the  etch  tool  (separated  by  about 
5  111)  ('oiiseguenlly,  all  data  te|iorled  as  particles  added 
.ire  simply  the  dinercnce  belwccii  the  pre-  and  post-etch 
tool  nieasuremenis 
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Figure  2.  Comparison  cit  particles  (0)6  1.6  jim)  added  lo  waters  lor  (Jiasma  on  and  gas  only 
partiri-  .asls  (using  the  conditions  shown)  during  a  slatulily  test  of  an  oplimized,  200  mm 
etching  process. 
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3.  Particle  addition  to  wafera  In  a  clean  ecr  system 

As  part  of  a  study  of  doped  polysilicon  gate  etching 
processes  using  HBr  and  Clj,  a  process  stability  experi¬ 
ment  was  performed  on  an  optimized  etch  process.  In 
the  stability  experiment,  several  hundred  wafers  were 
etched  and  etch  process  metrics  (etch  rates,  selectivities 
and  so  on)  were  obtained  at  regular  intervals.  One  of  the 
metrics  was  particles  added  to  wafers  (Si  substrates  with 
native  oxide)  for  gas-only  (no  plasma)  and  plasma  on 
(500  W)  conditions,  using  100  seem  Oj  at  5mTorr.  f  ig¬ 
ure  2  shows  a  plot  of  particles  of  size  0.16  1.6;im  added 
to  wafers  at  various  points  throughout  the  process 
stability  experiment.  The  experiment  was  performed  in  a 
nominally  clean  system,  namely  all  internal  chamber 
parts  were  cleaned  and  a  clean  bell  jar  was  installed 
prior  to  the  optimization  study  A  15  min  in  siiu  plasma 
cleaning  of  the  reaction  chamber  was  performed  at  th<' 
beginning  of  each  day  and  at  the  end  of  the  experiment. 
The  cumulative  number  of  wafers  etched  after  each 
plasma  clean  is  indicated  for  each  particle  test.  All 
particle  tests  consisted  of  one  wafer  each  for  the  condi¬ 
tions  of  plasmu-on  and  no  plasma  (gas-only).  Figure  2 
illustrates  five  interesting  poinis:  (i)  there  is  a  slight 
upward  trend  in  the  data,  indicating  that  the  system  is 
becoming  dirtier;  (li)  in  situ  plasma  cleaning  had  no 
consistent  effect  on  the  panicle  counts;  (iii)  except  for 
three  points,  the  plasma-on  particle  test  resulted  in 
lower  particle  counts  than  the  gas-only  test,  (iv)  two  of 
the  plasma-on  tests  (numbers  SI  and  15)  show  signilicant 
positive  deviation  from  the  rest  of  the  pUisnia  on  data  (it 
will  be  shown  that  these  excursions  ;ire  common  for 
plasma-on  testing  and  are  evidence  of  plasma  iiuluccd 
particle  ejection  from  chamber  surfaces);  and  (v)  one  of 


the  plasma-on  tests  with  a  large  positive  deviation 
(number  15)  occurred  in  a  cold  system  (the  test  was  the 
first  plasma  in  the  system  for  that  day)  and  this  'cold 
system'  effect  is  repeatable. 

To  quantify  whether  there  is  a  statistical  difference 
between  the  plasma-on  and  the  gas-only  data  in  figure 
2,  a  Wilcoxon  test  was  performed  to  test  the  means  and 
an  T-test  was  performed  to  test  the  variances  [12].  The 
Wilcoxon  test  assumes  no  particular  type  of  distribu¬ 
tion.  The  tests  indicated  that  both  the  mean  and  the 
variance  of  the  p!asma-on  data  are  statistically  different 
from  those  of  the  gas-only  data,  the  plasma-on  mean 
being  smaller  but  the  variance  larger  due  to  the  outliers 
(excursions).  This  is  graphically  illustrated  in  figure  3  by 
comparing  the  box  plot  for  each  data  set  [13]. 


4.  Particle  addition  to  wafers  during  a  polymer 
forming  etch  process 

A  small  amount  of  oxygen  added  to  a  doped  polysilicon 
etch  process  using  HBr  greatly  improves  the  M  R  poly 
silicon  etch  selectivity  to  oxide  [14],  If  the  amount  of 
oxygen  is  greater  than  about  1%  of  the  total  flow, 
however,  a  deposition  mode  is  entered  during  the  etch 
reaction  [14]  A  residue  is  deposited  as  a  film  on  the 
chamber  surfaces,  including  the  quartz  bell  jar.  fhe  film 
IS  observed  to  deposit  preferentially  in  a  ring  half-way 
up  the  bell  jar  and  at  the  top  of  the  bell  jar  where  there 
are  microwave  'cold  spots.'  areas  that  are  aligned  with 
and  close  to  physical  nodes  in  the  waveguide,  fable  1 
shows  results  of  plasma-on  and  gas-only  particle  tests 
(H-rforined  on  the  clean  system  just  prior  to  running  this 
etch  process  and  after  every  ten  resist-patterned,  poly- 
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Figure  3.  Box  otot  o(  the  plas.  la-on  and  gas-only  particle  test  data  sbown  in  figure  ? 
The  white  bar  indicates  the  median  value  The  shadert  area  represents  ihe  inner  rnjarlile 
range  (P5lh  /hlh  petcenlile)  f  nclosuies  ('jonneclod  by  dotted  Imesl  indicate  Ihe  ?  b 
am:  Ihe  9/  f>  percentiles  Horizontal  lines  indicate  outliers 
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silicon  wafers  verc  etched.  Two  wafers  were  run  for  each 
of  the  gas-only  and  the  plasnia-on  particle  tests  and 
both  tests  were  performed  using  the  etching  process 
parameters  I’dsccm  HBr,  2  seem  O,,  SmTorr,  and  lor 
the  plasma-on  test,  T.SOW  incident  microwave  power,  an 
H  R  point  of  85  mm,  and  20  W  Ri  bias.  (Acept  for  the 
cold  system  tests  in  which  both  gas-only  wafers  were  run 
first,  the  tests  were  performed  in  the  following  order: 
gas-on'y,  plasma-on,  gas-only  and  plasma-on.  It  should 
be  observed  that  the  gas-only  and  plasma-on  particle 
tests  do  not  etch  the  silicon  substrate  due  to  the  high 
selectivity  of  HBr  to  native  oxide;  a  breakthrough  step, 
using  Cl,  for  example,  is  required  to  initi.ite  etching. 

Table  1.  Gas-only  and  plasma-on  particle  lasts  dunnq  tiio 
etching  ol  polysilicon  wafers  using  an  etching  process  known 
to  deposit  a  residual  film  on  chamber  surfaces 


Numoer  of  particles  (0.3?  ?8/im) 

Number  of  - - 

wafers  etched  Gas-only  Plasrna-on 


0 

2.  13 

8.  13 

10 

>1,  15 

36,  15 

10* 

600,  31 ' 

678,  10' 

20 

44,  37 

50.  151 

30 

213,  80 

222,  115 

40 

339,  157 

404,  215 

50 

369,  214 

577.  263 

•Cold  system  lest  results 


Several  points  arc  noted  from  these  data:  (il  the 
nominal,  clean  system  haekgroiind  panicle  count  is 
exceeded,  indicating  failure  of  Ihe  liini,  when  Id  20 
wafers  are  etched,  but  the  Him  is  evHleiii  afler  only  a  few 
wafers  have  heen  etched,  (ii)  the  etild  system  elTeel  is 
again  rcali/ed,  for  both  plasma-on  .ind  gas-only 
measiiremcnls:  (in)  except  for  the  second  plasma-on  test 
after  20  wafers  (151  adders),  and  not  including  the  cold 


system  results,  the  number  of  particle  adders  monotoni- 
cally  increases;  (iv)  Ihe  second  plasma-on  lest  afler  20 
wafers  (l.il  adders)  is  a  positive  excursion  and  is  piob- 
ably  a  plasma-indiie-ai.  episodic  event;  and  (vl  except  for 
the  clean  system  and  the  positive  excursion  pisl  noted, 
the  first  platina-on  lest  places  a  larger  number  of  p.ir- 
tides  on  the  wafer  than  (he  second  test  (ihis  is  als.i  irue 
of  the  gav-only  tests  when  Ihe  svstem  bee-'ines  very 
dirty) 


5.  Plasma  effects  on  particle  addition  to  xvaters  In 
a  dirty  ecr  system 

After  the  study  described  in  seelion  4.  2s  ni-'ie  vx.iter-, 
were  etehcri  using  the  residii.il  depos'ting  eUluiig  pro 
cess  Ihe  bell  i.ir  w.is  ihen  renioveil  .iiu)  the  sv.ient  w.o 
lhor-*iigtil>  tle.iMv.l  .11  li  tiled  t.i  po-sCss  i'Oinin 

wafers.  Ihe  dirlv  Pell  i.ii  vv.is  leserved  .ind  ihe  svsiein 
was  lestcvi  h»r  p.iritvies  wiiii  .i  'e.m  iseli  u  in  pi  u  i 
11  .isiii.i  t'H  ;iKij  ii.ts  til',  leslx  \t  Jhii  ihi 

s\'lcm  vviih  niiMf.  p.irticic  .til'’in'*n‘.  <-!  U's' 

:}w«n  I'  parllLlc^  V'  .'Ni/mh  1  he  iIhu  IhII  i.it  vv.f. 
then  placet)  in  iIk  ■‘Vh'itii  itu!  um'i)  .js  .i  t'li'wn  sourtf 
»>(  parlicifs  ttt  siuth  piahina  is  i-n  p.u in,  If  ho h.t ^ i<nn 

Ml  icgn'Hs  «>f  ihf  IX'H  }.if  CiMial  uilh  ihf  {.‘sixJiKtl  him 
vccfc  cr.K‘kC‘l  .nui  tlfl.imm.ilin^’  P*  tjfCfffs  Ihf 

lollnuing  sliuiifs  vctTf  ivrlcrmfil  'amIi  i(Misv,^.m  \r  al 
n»  I  t»rr  pressure 

5.1.  ihv  i'fTcTt  of  microwtf^t*  prmer  on  purhcle  addition  lo 
«« lifers 

ihe  elTcci  t.r  nnertiwavc  pt>wer  on  panicles  aiKloil  lo 
wafers  was  esaluateO  h\  scqucniia'''.  pmccssin^  a  cas- 
scitc  of  wafers  fur  each  of  three  comlitiv^ris  m  the 
following!  ortlcr  gas  i'nly.  plasrna-on  al  IHXtW  incnlcnt 
microwave  power  (.^(H)W  rcllccicd)  and  plasma-on  a! 


IVcl  Mumbfr 

Figure  4.  Comparison  of  particles  added  to  150  mm  wafers  (0  32  (or  wafer 

runs  with  gas  only.  1 100  W  plasma,  and  1 10  W  plasma  lor  the  conditions  shown  The 
order  of  the  runs  was  the  same  as  the  order  m  ine  legend. 
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fiQUf®  5  IVii  ;  W)!  D*  ^THv  '  *00W  t«avn^  ^'vj  ’  ’0  A  >A^■4 

*«gu'«*  4  a'*»  t*>*'  v  af^.rr*"  ','f 


1!()N\  iTUlilci^l  niKf‘'*.l'C  S  '  i«l  hl.lv  Vk.lv  .Ip 

plK\i  f*'f  0h‘  ‘fi  ;c>iv  I  -*r  ihc  «.onittii««ii  ‘I 

pUsm.!  t'H  .*»  li»'A  ifKiJcni  jV’vkCT  ihc  niKi'*vk.ivc 
pi'Vki’f  v^av  pafiialiN  if.iMMiuucki  to  the  VkjJct  virnc  ihf 
rclWclcvl  p<‘\fcci  ncaf  /cf‘»  (  •  '*  A  i  .iml  a  p^tlcnhai 

ilirtcfcncc  Mkas  induced  in  the  ki  bi.iv  circuit  sMlh  hi  hi.iv 
i>ff  I  he  rovuil*.  U>r  each  ss.iler  cvclcd  under  each  c«»f>di 
tion  arc  chi'wn  in  tijiurc  4  I  uo  obsc’rvatmnv  are  noted 
both  pla^ma•on  tofulilions  vhovfc  high  first  wafer  counts 
and  in  addition  ici  the  first  wafer  tested,  the  I  Id  A 
plasma-on  lest  had  two  large,  positive  excursions  lo 
lest  lor  statistical  difference;  in  these  icsuMs.  i  Wilcoxon 
test  was  performed  on  the  me.  i.s  and  an  t  -Ws\  was 


jii  il.-rnu-.l  ♦»!  du  v.iri.iove'  I  i)^  Usi  !  i  the  'lic.oi^ 
vfi.'wcd  II.*  xi.iliviKal  vhllercnve  t.o  the  ihrei  v.uHfjit  -nv 
I  fic  lev!  .>n  tf»c  \.in.»nv<'v  \h"wed  ni'  .lifterenv  c  tKlvkiii' 
g.i.  onlv  and  pl.isin.i  >n  .0  l|Oi»A  I  hi  v.iri.iiuc  «(  the 
I  10  A  plasrn.i  .'i*  •..>adt‘ion  is  ilincicn!  Ir*'fn  ihal  •!  the 
.*lhef  two  vondiln'to  due  l»*  the  iw.-  l•tllller^  .■!  u  1  t 
.iiul  I  he  lesullv  .O'  i(iii\tr.iled  using  Kn  pl»*tv  in 
figure  An  iinpoitant  i..*oih»vii*n  Irorn  these*  plots  •• 
that  the  prcseiivC  ol  .i  plasin.i  i  .0  l)0.*r  IlllO\S  im  idem 
power)  in  the  svsiein  set'ins  !•>  m.rcasi  the  nurnher  and 
esiremitv  of  the  'Uiilicrs  lexcursionsi  Ibis  effei  •  is 
observed  consisienllv  and  ipjxMfs  lo  he*  characteristic  of 
a  pi  isma  on  comlilion 
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Figure  6.  Comj>arison  of  particles  added  to  IbOmm  wafers  (0  3?-28/im)  for  wafer 
runs  with  gas  only  140W  tadiofrequency  bias  olasma  and  OW  rudiofrequervcv  bias 
plasma  for  the  conditions  shown  The  order  of  the  runs  was  as  indicated  in  the 

legend 
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CapiRy'  ot  ? 


^  2  fW  rlltn  wf  tti  Im*  mm  ^mrk  i444itMNi  i«  »affo 

t  Sr  c#r\  >  ■<  'f'  pjrtKk  Seh4vu*uc  >44% 

»tu*fifvJ  !H<  v  'fKjHM'ns  .4  $Ms  itnU  I4<*V^  Ki  hta'k 
jmj  At  lrKKl<nt  mKfi'ajx*  fwbcr 

ami  rr<V\tfxl  p«»ia<*f  taa^  IN)>fc  l(»r  iSc  plasma  m  te>is 
1441  ■’  Stas  rcsulUsl  m  an  asrraiec  (icak  (  <  peak  t» 

Vitliapc  >*(  I  St  fcsulu  ft*i  each  staler  ^scletl  umler 

C4kh  ci*fKiiiii*n  are  \hii*r>  m  figure  s  I  he  resuhv  vh«»¥t 
a  JramaiK  >rKrcate  in  the  numScr  <>(  )\irl»clcs  acklcit  to 
the  wafers  for  the  Korntition  plasma  «>n  wdh  *»  Hus 
\  (ifTK  tkeperHlcrti  eUrci  p»nsiSI\  Jik  (»'  <  hamher  heal 
ing.  r*  aKo  estcieni  lot  ihts  corulition  stilh  the  hrst 


'kcvcr.if  ♦alcrs  aikliri);  .i  fact"!  *(  'd  more  parlnfes  to 
ssjferv  thar  li*f  the  jia-  'n!i  .  r  /er  S».iv  l 
M(S«tt.gh  the  pariKk*  w»>unls  \i.th*lt/c  for  the  l^im* 
^.oiHitlton  after  aSoul  I  ^  <*afers  noir  that  thiv  lesci  is 
Nttil  a  Uclor  of  1*0  higher  than  tfiat  ftw  iHe  other 
s.erxii(t<tns  ( h>r  e^plan.iiion  for  the  highci  level  allei  M 
v^aferv  rn.^v  he  that  Ihcre  o  JivcrcaMsl  fH'nihaf  Jment  oi 
the  art«Hh/e>U  fus  grourvetmg  ring  surroumfuig  (he  wafer 
when  the  wafer  is  nr  hMsc'cl  f  oi  these  tcMs.  the  cMernal 
hell  )ar  ictnperahirc  M  the  Scginning  of  each  ted  sc 
quctice  was  -),  ''  jr>o  .’n  <  for  the  coniJilions  gas  only. 
|4frW  blits  amj  0\V  bias,  rcspeciivclv 
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Figuf*  8.  Calcutated  therinophoratic  [t3)  and  gravitational  forces  as  a  function  of 
parlicfa  size  for  an  Ar  ptasme  at  SmTorr,  vr-  -  6Kcm  ',  a  particle  density  of 
2gcm  '  arxJ  particle  tempernture  less  than  SOOK. 
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Statistical  icstii  of  the  means  and  variances  showed 
no  difference  in  the  gas-only  and  OW  bias  conditions. 

result  for  i»Sc  test  or  the  means  is  consistent  with 
the  results  of  the  microwave  power  stud>  (section  5.1). 
The  bon  plois  for  these  results,  figure  7.  show  the  impact 
of  the  140W  at  bias  condition  Although  there  is  no 
statistical  difcrCiHx  in  the  means  or  variances  of  gas- 
onlv  and  OW  ai  bias,  note  the  presence  «»f  outliers  for 
the  platma  on  condition  and  thf*  lack  <'f  anv  t'uilicrs  for 
the  gas  onlv  condition  This  is  consis'cnt  w  ith  (he  results 
»'f  ihc  microwave  ps'wcr  siudv 

Thr  effrel  of  rlerlrade  leiMfprratiire  on  pMrtirW 
addieica  lo  wafers 

Am<*ng  I  he  lorcc'  inHuem  ing  parlKic  Mujr  m  pl.i' 

ma^  IS  drag  vine  ii‘  v olhsions  I'f  p,if i iv, Ic'  * iih  ocui r.il  gav 

m.'levules  ( 'V  ]  <  >nc  v^av  in  aHkH  ocui'.i!  dug  ^.an 

'nrtucncr  pailKlcs  «s  h\  imparling  i  ihcr ni.iph>'fclK 
luc  to  ihr^nul  gr.i.lu'nis  <  s<s'  f^j  in.1  rc^e^tfurs 
t  her  5*05 1  ( If  as  5*  •  t  /  ,j.'  [  f'  1  dern.  n  r  aK*i.l  !  h.i?  g^  jtticnjs  -  I 
the  'fvlcr  -  i  ^  K  «.  ro  afi  •.ijlln.ivnl  »  ^'.ilan^c  iIh- 
gf  as  t|.ii«> 'Hai  •  ‘Ki  >'r\  "  '  ..m  pafhvlrs  it 

Son»l  Iff  iM  .1  parallel  pi.itv*  ■  «r>.l  the  -.uih  -fv 

suggest  ihj!  ihcrmcph.ireiu  (  ''«.e'  m  is  fnp.>M.iiu 
l.'sk  tempcfalure  cubing  .•ppiii.il  r^x 

I  of  iKc  i«  t  vourve  jsed  Hve  pres'  us  •.  » fx  r  •»iu  nt  > 
sh.’iiiol  lhal  walei  surl.Ki  tmijx  r.itures  u  h<  t:  i  ipo^d 
l.i  plasma  .ire  •'!  th^  u-lef  l  1'’  'o  (  higher  th.m  ihv 
cIcNt^'Wtc  iciMpcrature  o  r  M  ve  isvunw  ih.it  the 
IS  true  at  e'aif  '  fe  lenifx-r  I'ure'  •'  ♦  «f«d 

•  Sli  (  ihcn  sfc.ifef  ienipi.-fat,jfe'  a.-uid  U 

to  I  and  •  |Oii  (  respccuwis  •’  !h<  prt'Mfue  -t 

pliisfii.i  lor  an  asefage  mu'inal  ^.jii  urnpi'.o-ni  •( 

40  (  icoffcclcil  front  iserage  eilernal  vi.d'  t«*rr*fx*^.Out< 
measurements  1  .inil  m  aseragi  aaler  i  '  *  »!i  (tsian^i  i 
HIcm  sv.iler  t  ■  ss.ili  lenijxr at ufi  ct  idients  \  J  •(  fl.^ 
ofiJci  o(  •  ’  afuJ  ri  K  s  rn  tre  p  'sMbi,  muli  f  ihese 
iondilioMs  Sirue  (herninph.'fe'u  f.'fve  sanes  vsiih  ih« 


square  of  (he  particle  diameter  [13]  =  /(dj),  and 

gravitational  force  varies  with  the  cube  of  the  particle 
diameter,  = /(Jj).  .he  'liccl  of  thermal  gradir.iiis 
becomes  larger  with  smaller  parlicics.  Assuming  a  par¬ 
ticle  density  of  2 gem  '  and  a  particle  temperature  less 
than  500  K.  calculations  of  the  thermophoretic  [13]  and 
gravitational  forces  in  Ar  at  5mTofr  and  VT  =  -6K 
cm  '  reveal  a  cross  over  in  the  two  forces  at  a  particle 
\t/c  of  about  I  (figure  K)  Particles  smaller  (ban  this 
experience  a  ihcrmophoretic  force  away  from  the  wafer, 
whtsh  is  larger  than  that  due  (o  gravMv  under  these 
ctsndiinms  (  onsequenllv.  if  thcrmophisretic  and  gravi 
iatitsrs,il  forces  represent  a  significant  share  of  the  total 
force  cxprriencetl  bv  the  particles,  then  curves  nf  wa¬ 
fer  Icvci  psirlicif  Lounts  versus  si/e  should  he  verv  differ 
eni  t«»r  the  ca^es  V  f  t>  and  •  K  cm  '  lhal  is.  j 
'tip  lunclum  tte\  fcase  in  .iildctj  parities  Ilf  M/e  ♦  1  ^ 

's  c vpccltxf  f- ‘f  ihc  i  .I'C  V  /  h  K  k. m  w hile  no  such 
dn  rc.ise  is  pcv  list  li  r  i he  v..is<-  S’  /  *  K  cm 

I  xpTfimcntjl  results  shoeing  Ihi  effcvl  of  cleclr*Hle 
lempt-r.«itir<*  -'n  p.irtule  .idtiition  t*  *.ifcrs  fur  p.irtuk 
fr  ri!  o  1'  :n  »i/e  .irc  sh.*wn  m  figure  '*o 

Mgfiil*sa»o  s)>.*ngi  O’  die  nvean  nuriibi'r  p.iflt  Ins 
.idktrd  '  ■  bscrvesl  •  ‘f  p.irlisle  si/fs  •  !  s  ti’f  eilfier 
r«.  •!  f  ^ '  -  Id  ri(x  Ir*  hJi-  . .  r,dilu«ns  I  ho  suggt'sis  j  ti.n  K««ih 
iheff.-  ph  •reiK  .ifid  gf  .i s  o ,f It.  •n.»l  hoses  .ife  'inatl  vorn 
js-furiis  •  'he  i.'i.il  f  o.r  r ifx'r 'cni, ed  hv  p.iflules  uniler 
’heN<  V . ’tulii'  'f.. 


6  PartfcfM  Mld«d  by  fh«  •l#ctrotUrtfc  chuck 

I  tes  If  ■  rliv  sfc  tier  .hu^k  .i*  dieil  hirge  numbers  nl 
piti  sik  '  Sv  i.r-*  I'toHe  m.iierials  ale  used  to 

V.  Ml  ifu  sfiu-.k  Xilft.  tjgh  |vit!ii.li  s  m.iv  K  ailded  to  the 
►*.u  4  o»h  ■*  -1  vs.ifer  tti  -vi  .lu  .uhsi'kiuentK  removed  tn 
•  *  I  ’  V  U  aning  \V  ht.  *•  'tu  .s  if»  r  i '  t  li .  l  f  'si  .o  i.  .ih  .  ^  l.mi 
jsk-tl  ihe  b.K  k  .idi  •'  pressor  iii-i  d  sstih  ot'  li’  lol,.ri  i»j 
lit  I.-  pf.'fo  ‘U  fie. It  iranslef  Ir.on  i  fie  1  ■  !f'e  ktiiKk 


?  i»  • 

2  1 


I  M»  S  <  to  I  I  111  I  * 


^  fIrstrrHJr 

Mi’l  tiritnair 


I  X  !•»  I  V  to  S  X  |„  lit  IIMo  Ift  lA  lo  :N 

PariN'Ir  Sl/r  i  omi 


FIgurt  9.  Average  number  of  particles  added  to  wafers  as  a  furction  of  particle  si/e 
for  8S0W  Ar  ptaama  runs  at  electrode  temperatures  of  ♦  60  C  and  bO  C 
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Figure  10.  Schematic  diatj.am  of  the  electrostatic  wafer 
electrode  and  the  mochanicai  clamp. 

The  resulting  pressure  differential  from  the  wafer  back 
side  to  the  source  region  eauses  some  He  to  leak  into  the 
chamber  The  Me  How  is  pulsc-wulth  modulated  at 
I  ’'Ccm.  giving  a  time-averag<xl  leak  rate  i>f  about 
0  1  seem,  lo  inaintam  the  correct  back  Mile  pressure  I  his 
gives  rise  to  the  possibilitv  that  particles  are  hl(»wn  from 
the  hack  side  and  laiul  on  the  front  side  of  the  wafer 
I  his  phenomenon  has  been  investigated  and  no  added 
particle's  were  observeit  in  a  clean  svs'em  und..*i  ni>rmal 
('Perathm  If  ihe  back  side  He  is  pulsed  ii'st.intanet>u -Iv 
with  lOsccm  or  it  the  «.laniping  voltage  is  suddenlv 
removed,  however  p.ifticles  (.an  he  added  tt*  the  wafer 
under  a  vanetv  ol  s'Mirce  ^.onditions  due  to  a  ^hock 
w.'.se.  which  larru's  the  particles  at"  irul  the  edee  of  ifie 
wafer  anti  into  the  chamtK-f  tligure  ini  I  hese  two 
ni»n  stand.irvl  nnhb's  •!  ofVf.ii!«*n  -d  tii«-  dnuk  were 
used  to  lest  inech.inisf!)'  oi  article  iiariNpofi  m  this 
svstern  Ifie  geoinetrv  .a  iho  elv'i,tr.*de  c*‘ver  anil  n»c*ch 
anical  cl.inip  ring  arc  mkIi  tfial  He  ll'•w  ix  dnecic'tl  over 
.ind  along  the  water  father  than  avc.iv  Ifnm  it  the  Me 
burst  irelcase  ('‘Mnn  .•nginales  at  .i  lived  t>oiiii  .ir<-und 
the  circumtefenvc*  ■'!  ihe  water  larger  pariixles  land 
ch'sc'f  to  the  release  poini  ,ind  xrn.itler  pamdes  au 
carried  farther  awav 

Ihe  finding  relevaio  i.*  p.riicle  txhavi.HO  or  an  n  M 
source  IS  that  there  .i  xonsixienl  .'ider  a  in.iginiude 
mefcase  in  particles  lO  t'  >uini  added  t--  w.ders  lor 
anv  tiven  pla-itti.r  on  londilion  i»esifal  ihotiN.iiu!  p.t 
tides  'ddc'di  loinp.tred  I  ■  .1  g.ix  •ailv  xondilion  r>e\eral 
hundrc’i)  pariixles  .idiledi  I  his  ix  xlrong  evnleiui-  th.ii 
It'll  drag  Is  ifu'  iltuninanl  lorve  intlueruing  p.irliilt 
(f.insp^'fi  in  ihix  sonfee  I  riiler  diexe  p.ifiule  inteciion 
coiulitions  ihe  prexi’iic.  ol  thi‘  pl.ixin.i  provitlix  j  wfii 
xal  ItUcC  (in  (he  (t'fm  td  n-iixi  which  drags  itie  ernnied 
p.irtides  tft'wn  lu  ifie  waler  -url.Kc  VSilfi  n>>  pl.ixm.i 
present  nu»sl  o|  tf.e  miectetJ  parlidex  fiivt  enough 
fatlial  kinetic  energv  1**  gei  dear  ot  ihe  watir 

7  Oitcussfon 

Ihe  prc'scncc  ot  plasma  dearlv  i.in  xanse  the  eieiitoti  *1 
particles  from  a  chamber  surface  v.ilulating  earlier  oh 
scrvatituis  tn  an  Si(>.  plasma  dept*silion  swicnr  (4} 
Ibis  behaviour  is  seen  most  dramahcallv  in  Ihe  ki  bi.is 


study  described  in  section  5.2.  Thermal  stress  of  the 
residual  film  on  the  bell  jar  and  increased  bombardment 
of  the  gas/grounding  ring  in  the  presence  of  rf  bias  are 
reasonable  explanations  for  this  phenomenon.  The  con¬ 
sistent  observation  of  high  plasma-on  particle  counts  in 
a  cold  (room  temperature)  ecr  system,  even  when  gas- 
only  counts  arc  low,  is  evidence  that  thermal  stress  plays 
an  important  role.  Even  a  short  idle  period  for  the 
system  will  cool  the  bell  jar  to  a  point  al  which  subse¬ 
quent  exposure  to  plasma  will  eject  particles. 

Why  are  high  plasma-on  particle  counts  also  ob¬ 
served  in  a  hot  system?  Under  standard  processing 
conditions,  external  bell  jar  temperatures  can  reach  a 
peak  of  110  C  during  plasma-on  periods  of  processing 
and  cool  by  15  20  ('  between  wafers.  (F'or  the  experi¬ 
mental  results  presented  here,  external  bell  jar  tempera¬ 
tures  were  typically  in  the  range  25  30  C.)  Assuming 
that  the  interior  bell  jar  temperatures  arc  a  minimum  of 
10  20  (  holler  lhan  the  external  lempcralurc,  this  rep¬ 
resents  a  rciluetion  by  rm>rc  lhan  100  (*  of  ihc  lempcra¬ 
lurc  dri>p  across  ihr  icsicliial  film  rclalivc  lo  a  cold 
sysicm  Since  this  implies  ihai  thermal  stress  would  be 
li»wcf.  a  direct  piasina  v.  d.  inter. iclii»n  may  then  e\ 
plain  particle  cicction  from  a  luU  wall  Al'ernalivcly.  if 
lb.*  residual  film  is  not  in  good  mechanical  thermal 
contact  with  the  bell  i.ir,  ii  m.iy  get  much  hotter  lhan 
the  he’ll  lar  itself,  mcrc.ising  die  cfiancc  ol  the  film  failing 
under  stress  Also,  the  lilin  m.iv  get  holler  iluc  to  grealer 
photon  ahsor pilot)  rel.ilive  i<>  the  quart/  I  herm.d  stress 
al«>ng  the  him  m.iv  .ils«>  be  imporlanl.  since  the  inside  of 
the  bel)  lar  does  n<»i  uniliumh  get  healeti  las  revealetl 
bv  increased  resrdu.il  deposition  on  miciowave  cold 
>pols  jx  well  .o  lemjXTalnre  measurements) 

Ihe  etiec  I  >'l  xvsiein  indiiceil  inech.tnical  stress  on 
particle  etedi.m  i  .<in  vv.iiU  ts  less  dear  I  he  lact  that  no 
rnc’ch.iMical  (h  ilut  b.iii.>n  ol  the  svsiem  occurred  Juntu/ 
the  particle  U  't  indicates  ih.ii  ihe  plasma  alone  causes 
election  . >1  p,ii  ndc  s  \)\»>  ij.»es  not  impiv .  however,  that 
^sslcm  induicd  ineci,  .nic.ii  stress  (such  .is  gale  valve’s 
'•|vning  cloxingi  fmx  n«>  ellcci  mechanical  stress  m.i\ 
v<>nditu>n  Ifre  him  suefr  that  il  is  mote  hkelv  to  eject 
paMic les  upon  ev posim-  i. >  .i  pl.jsin.i  is  suggested  m  j  4  J 
tn  the  lic’hl  <>1  the  lexultx  will)  large  nculral  ifietm.il 
LM.idienis  and  ihv  d'sersalion  dial  ('articles  e|tvleil  loun 
the  t'.iv  V  xiili’  .lie  diivei'  •»*  the  w.iler  in  the  presence  ol  .i 
piaxMia  II  >1)  dr  .ic  .i|'(XMr  s  I.  <  dominate  d'<ermo('hi  <ic‘ltc  .ind 
gi  t\  ii\  r,>ri.es  Ol  t  fox  1 1  H  soiifxe  Ihe  role  ol  elec  lrt>si.it  k 
force  remains  urn  le.ii  hi  on  l.isci  lieht  sc.illeiing  results 
revealed  no  paMnk  u.ipping  during  lUtr  etching  .•! 
(»ol\sMK.>ji  III  this  io<>l  ID  ifie  regu’iis  ocei  the  damp  ring 
»c  several  imitimelrex  .»bo\i  the  w.iler  surlaxe  M>e 
(q.istn.i  xfic'.itfi  f'oiind.ii  V  legion  afx've  (he  w.iler  could  noi 
be'  «‘bxcrved  fx c auxx  ii  w  ,i s  otUusc  ated  bv  t  he  damp  ring 
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Abstract  This  paper  studies  asymmetric  particle  clouds  confined  within  electrostatic 
particle  traps  In  the  presence  of  a  molecular  drag  force  The  drag  force,  due  to  flow  of 
neutral  Ar  gas  around  a  particle,  is  proportional  to  the  gas  flow,  which  can  be 
controlled  by  a  mass  flow  controller.  Our  system  has  a  component  of  the  drag  force 
parallel  to  the  wafer  electrode  surface.  The  particie  clouds  associated  with  a  cube 
and  a  disc  are  seen  to  be  highly  asymmetric  in  the  direction  ot  the  drag  force,  as 
would  be  expected.  The  asymmetry  increases  as  gas  flow  increases.  In  order  to 
Visualize  the  clouds  quantitatively,  we  have  mroduced  a  technique  called  spot 
scanning  m  which  we  move  the  laser  beam  s'owly  with  a  serpentine  path  through  the 
particie  cloud.  The  forward  scattered  light  is  record»?d  by  a  charge-coupled  device 
camera  onto  videotape  The  image  of  the  scattered  light  on  a  frame  of  the  vicier.>?af)r.* 
IS  a  nearly  circular  red  spot  Using  commerciai'y  available  computer  software,  the  rtKJ 
spots  can  be  used  to  detei  mme  the  boundary  of  the  cloud  as  well  as  to  find  contours 
of  constant  power  density  scatter-rxi  from  the  cloud 


1  f'lboduction 

Sever. il  wi'fkci'.  h.ive  f  vc,|  p,i rfK le  v h in  If.ips 
(p  \  I  n.if  idel  pl.ilv'  c'l.ivfii.i  f'f I e^siny 
liver  liytil  sv.ittered  lf<  ni  dn'  p.irtivk's  |!  r*j  f -’i  .i 
lie  S  e  l.iver,  the  l.isei  he  nn  ...in  K  r.isifiod  m  -i  pl.»n«- 
p«r.dl«'t  t.>  ihi-  vk.iler  ,,iul  ihe  lofwjf.l  '<.iUe»ed  liyhl  k 
fe‘.*'iJeil  Ml  vidwi.ifv  VI. I  .1  <<!•  •..inieri  lln|'fe^M\^ 
re.il  time  displ.iv'  the  \Imi.iimv>  <'l  p.irtule  iSMiilN  .m  l 
''*^H■llnle^  di'*vfek‘  p.iiiKle>  M.iv  ■  rK*en  ••hvervtd  I  he-'C 
I 'hscr  V  .1  In 'iis  wt'ilc  yiviny  nuiv  It  inlii'tive  in^icl't  I'n* 
p.iriitk  vli'Uil  Kti.ivi.nir  .ire  neverdu'leNN  qii.ilit.ilive 
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opposite  to  the  inlet.  Furthermore,  the  gas  is  pumped 
out  through  a  port  located  diametrically  opposite  the 
manifold  gas  supply  inlet.  Thus,  the  Ar  gas  molecules 
will  have  an  asymmetric  distribution  of  average  velocity 
V(x,  y,  2),  a  vector.  Here,  let  y  be  normal  to  the  electrode 
surface;  the  laser  beam  axis,  discussed  below,  is  parallel 
to  the  2  axis;  let  positive  x  point  from  the  point  in  the 
annular  gap  where  gas  flow  is  lowest  to  the  point  where 
it  is  highest.  Then,  V ,{x.  >0,  2o)  <  0  for  constant  >0,  Zg 
and  all  .x,  indicating  that  is  positive  in  the  —x 
direction  so  that  there  is  a  positive  component  of  veloc¬ 
ity  11  ^  directed  from  the  highest  to  lowest  gas  flow 
inputs.  This  system  is  ideally  suited  to  our  experiments. 

The  gate  valve  between  the  plasma  chamber  and  the 
turbo  pump  was  set  for  a  fixed  aperture,  thus  causing 
the  pumping  speed  S  to  be  fixed.  We  have  confirmed  this 
by  experimentally  showing  that  the  chamber  pressure  P 
is  a  linear  function  of  Ar  gas  flow  Q  (seem),  which  is 
controlled  by  an  mk  .  For  all  experiments  discussed 
here,  S  =  18.91s' '.  Also,  i.O  <  Q  <  60,ccm  so  that  at 
300  K.  0.29  <  P  <  5.9  Pa  Since  S  is  a  constant.  f  '(s,  y. 
2)  stays  approximately  constant  and  is  independent  of  Q 
and  P 

O'Hanlon  el  ill  (7]  have  shown  ihat.  for  this  range 
of  pressure,  one  should  use  the  veclor  molecular  drag 
force  f'g. 
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Figure  1.  Superposition  of  particle  traps.  Luft:  dot  cloud 
above  peak  of  cone  on  graphite;  middle:  ring  cloud  above 
disc  on  graphite;  right:  dot  and  ring  traps  above  cone  on  disc 
on  graphite. 


3.  Raster  scanning 

Initially,  we  placed  the  cone  on  the  graphite  disc.  Then, 
using  the  conventional  raster  icchniijue  [i  3],  we  ob¬ 
served  a  small  'dot'  panicle  cloud  over  the  tip  of  the 
cone,  .as  shown  in  the  left-hand  drawing  in  figure  1.  We 
then  varied  the  gas  flow  and  found  Ihat  the  appearance 
of  the  trap  was  independent  of  gas  flow  within  our 
ability  to  observe  changes  qualitatively. 

Next,  we  replaced  the  cone  with  the  disc  A  ring 
cloud  was  observed,  as  shown  in  ihc  middle  drawing  in 
ligure  I.  However.  Ihc  dislribiilion  of  particles  in  Ihc 
ring  was  a  scnsilive  funclion  of  gas  How.  As  gas  How 
increased.  Ihe  particles  .if  Ihe  cloud  seemed  lo  be  blown' 
to  Ihe  left  side  of  the  ring,  in  Ihc  direclion  of  /■„,  and 
I  ,.  bi'ih  of  which  are  positively  direcied  from  right  lo 
left  in  ligure  I  I  .x  even  inoder.ilc  values  of  y  y,,,  such 
.IS  5  2.  the  ring  became  a  partial  ring  in  which  particles 
c.Mild  .'Illy  be  seen  .xi  ihe  leti  hand  side  of  'he  ring  in 
ligiir.  I  Me  .issniiie  lhai  Ihe  drag  force  Is  moving 
p.iriicles  1.1  tile  leli  h.iml  side  ol  the  ring 

I  tnally  we  plated  Ihe  t.xie  on  the  disc  as  shown  in 
the  light  haii.l  .li.iwtng  in  ligiiie  I  and  found  lhal  Ihe 
il,  i  and  ring  .  I.xnls  assoti.iied  with  the  Iw.i  obiects 
in.livi.hi.iilv  were  als.,  b.illi  preseiil  ll  is  as  d  the  clouds 
were  ..bscivii.g  siiptxposilion 
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Figura  2.  Light  from  a  particle  cloud  scattered  into  a 
charge-coupled  device  camera.  Inset:  cylindrical  intersection 
of  laser  beam  and  particle  cloud  as  seen  by  the  camera. 


medical  cat  scans,  in  which  a  cross  section  of  the  human 
body  can  be  imaged. 

The  laser  beam  penetrating  the  particle  cloud  is 
shown  in  figure  2.  The  ccD  camera  is  positioned  so  that 
it  receives  forward  scattered  light  from  the  particles  at  a 
small  angle  0  with  respect  to  the  beam  axis.  Typically, 
0*2  5‘'.  If  light  were  scattered  uniformly  from  the 
cylindrical  section  of  the  beam  that  intersects  the  cloud, 
that  scattered  light  would  appear  as  shown  in  the  inset. 
For  small  0,  'he  scattered  light  is  nearly  circular,  being 
slightly  elongated  by  an  amount  BC  in  the  vertical  or  y 
direction.  Thus,  on  a  colour-sensitive  videotape  frame, 
the  scattered  light  will  be  nearly  circular  at  the  colour 
red  corresponding  to  the  wavelength  of  the  HeNe  laser. 
In  fact,  we  cannot  visually  see  any  deviation  from  a 
circular  red  spot  on  the  frame.  We  thus  call  this  tech¬ 
nique  spot  scanninfl. 

After  a  cloud  has  been  established  over  an  object  for 
a  specified  Ar  flow,  the  laser  beam  is  spot  scanned 
through  the  cloud,  and  the  scattered  spot  of  light, 
received  by  the  (  CD  camera,  is  recorded  on  videotape 
using  a  vcR.  Typically,  the  time  to  spot  scan  is  about 
2  min.  Next,  selected  frames  from  this  section  of  video¬ 
tape  are  digitized  and  stored  on  the  hard  disc  of  a  pc. 
This  is  accomplished  by  inputting  the  analogue  signal  of 
the  VCR  from  a  single  frame  through  an  A/D  converter 
card  in  the  pc.  The  entire  procedure  is  controlled  by 
appropriate  software  such  as  iRAMPdRARHiiR  (Raster 
Ops  Corp).  Digitization  consists  of  subdividing  the  ar"a 
of  the  frame  into  a  large  number  of  discrete  points  or 
pixels.  The  intensities  of  the  three  fundamental  colour 
components,  red,  green  and  blue,  at  each  point  on  the 
frame  arc  each  assigned  !  byte  of  information,  or  0  255 
on  base  10.  Tiius  one  pixel  contains  3  bytes  and  its 
location  is  inferred. 

Next,  a  second  application  lorograin  such  as 
PHOVOSHOP  (Adobe  Corp),  is  used  to  analyse  a  frame. 
The  PtiortKHOP  program  will  retrieve  any  frame  from 
memory,  and  re-display  the  frame  .on  the  comouter 
monitor  screen.  The  red  spot  of  scattered  light  is  easily 
recognizable,  even  when  reflections  are  present.  This  is 
clearly  one  of  the  strengths  of  this  process.  It  allows 


movement  of  an  arrow,  via  a  mouse,  from  pixel  to  pixel 
with  the  red,  green  and  blue  intensities  displayed  in  an 
inset  box  on  the  screen.  Also,  the  x  and  y  locations  of 
the  pixel  are  displayed,  where  x  and  >■  are  the  same 
coordinates  set  up  above  (see  figure  2);  we  now  choose 
y  to  be  downward,  that  is,  into  and  normal  to  the  wafer 
electrode.  Within  the  red  spot,  blue  and  green  intensities 
are  usually  0-  5  and  are  ignored.  There  is  always  a  small 
cluster  of  pixels  near  the  centre  of  the  spot  that  have 
much  larger  red  intensities  than  others.  We  have  plotted 
the  red  intensity  across  a  typical  diameter  of  a  red  spot. 
Based  on  this  result,  we  can  conclude  that  we  can  locate 
the  centre  of  the  spot  to  x,  y  +  0.35  mm.  We  select  a 
pixel  at  the  centre,  and  note  its  location  and  red  inten¬ 
sity.  Since  this  process  must  be  done  by  eye,  we  ignore 
spots  with  maximum  red  intensities  less  than  20  since 
they  are  difficult  'o  distinguish  from  the  dark  blue 
background.  Typically,  maximum  red  intensities  vary 
from  20  to  over  200. 

We  have  manually  recorded  x.y  and  l!’.e  maximum 
R„„  red  intensity  for  those  frames  that  contain  a  red 
spot.  Finally,  and  most  important,  since  the  object 
producing  the  cloud  is  always  in  view  on  a  frame,  we 
record  the  x,  y  location  of  two  points  on  the  object,  such 
as  the  upper  left-  and  right-hand  corners  of  the  cube. 

These  data  are  now  used  with  a  graphics  program, 
such  as  (iRAPH  Ttx)L  (3-D  Visions.  Inc),  to  construct 
contours  of  constant  red  intensity  in  the  x  y  plane.  The 
measured  two  points  on  the  object,  which  arc  a  known 
distance  apart,  allow  an  absolute  scaling  fur  the  .x,  y 
coordinate  system,  and  the  contours  can  thus  be  located 
with  respect  to  the  object. 

As  an  example,  the  cloud  created  by  the  cube  for  Ar 
at  7sccm  is  shown  in  figure  3,  where  the  contours  have 
been  labelled.  As  in  all  other  contour  plots  in  th  s  paper, 
the  contours  are  20  intensity  units  apart  with  a  contour 
of  intensity  of  40  always  being  the  contour  of  minimum 
intensity.  We  estimate  that  the  accuracy  of  determining 
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Flgurs  3.  Contours  of  constant  intensity  of  scattered  light  lor 
a  narticie  cloud  above  a  cube  with  multi-dipolos  removed; 
7.0  seem,  350  W  radiofrequoncy  power  The  cube  is  not 
shown. 
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the  intensity  value  of  a  point  on  a  contour  of  constant 
intensity  is  ±  10. 

Using  the  known  distance  between  I  he  two  refer¬ 
ences  points  on  the  object,  the  x,y  coordinates  are 
measured  in  centimetres  with  respect  to  an  origin  in  the 
upper  right-hand  corner  of  the  frame;  positive  .v  extends 
to  the  right  and  positive  y  extends  downward,  as  shown 
in  figure  2.  The  cube  is  not  shown  in  figure  3,  but  the 
cloud  is  distorted  to  the  left-hand  side  of  the  cloud,  the 
same  direction  as  the  tangential  component  of  the 
drag  force. 

The  red  intensity  numbers  shown  labelling  the  con¬ 
tours  in  figure  3  are  proportional  to  the  power  density 
of  the  scattered  light  arriving  at  the  light-sensitive 
element  in  the  ccd  camca  at  corresponding  points.  We 
can  therefore  calibrate  the  ccd  camera/vcR/computer 
system  such  ’.i,at  the  contours  can  be  labelled  with 
power  density  (Poynting  vector)  of  the  scattered  HeNc 
light  in  W  m  ■  ^.  We  have  not  done  this. 

In  order  to  obtain  closed  contours  as  shown  In  figure 
3,  a  closed  contour  of  points  of  zero  red  intensity  (zeros) 
must  enclose  the  measured  points.  This  contour  should 
correspond  to  the  boundary  of  the  cloud  such  that 
outside  the  boundary  the  red  Intensity  is  below  20.  Since 
there  is  no  scattered  light  from  a  zero,  one  must  approxi- 
loate  their  location  There  are  two  ways  to  do  this.  The 
first,  which  is  what  was  done  here,  is  to  watch  the  red 
spot  drift  off  the  cloud;  then  'grab'  several  sequential 
frames,  and  find  the  frame  in  which  the  spot  is  just 
visible  as  it  slides  off  the  cloud  Then  use  the  v,y 
location  of  that  spot  as  a  zero.  Alternatively,  a  siatislical 
method  can  be  used  in  which  pixel  number  /V  in  all 
36000  frames  (2 min  at  .30  frames  per  second)  is  exam¬ 
ined  to  see  whether  it  has  a  red  intensity  that  exceeds 
some  threshold,  10  for  example  With  some  added  sum- 
ing  and  statistical  processing,  if  the  answer  is  Tio'.  the 
pixel  is  outside  th'"  cloud,  while  for  yes',  it  would  be 
inside  the  cloud,  and  a  bounciuiy  can  b,-  csiahlisheil 


4.2.  Resailts 

For  the  disc  on  the  graphite  plate,  a  complete  ring- 
shaped  particle  cloud  is  ohserved  for  Q  Q„  <  ,s.2;  for 
0/(?Q  -'  only  a  partial  ring  is  observed  T  o  demon¬ 
strate  this,  we  set  the  Ar  flow  it  20 seem,  or  Q  Q„  =  6  1, 
and  used  the  spot  scanning  technique  to  image  the 
partial  ling.  which  is  shown  in  ligiiie  4.  The  laiigcmial 
component  of  the  drag  force  points  toward  the  left 
I."  figure  4,  and  has  caused  the  particles  to  move  to  il.c 
left-hand  side  of  the  ring  The  line  connecting  the  two 
dots  in  figure  4  is  the  lop  of  the  disc  T  o  see  both  the 
front  and  the  back  oi  ihe  ring,  ihc  laser  beam  was  tipped 
slightly  out  of  the  plane  of  the  nng  T  he  quamiiy 
IS  the  largest  ntensity  contour,  40  is  the  minimum 
intensity  contour. 

Next,  we  investigated  clouds  associaied  with  the 
cube.  T  he  MCR-1  etch  chamber  normally  contains  a  set 
of  permanent  magnets  of  alternate  polarity  around  Ihc 
side  wall  of  the  'hamtscr,  con-itiluling  niullt  Uipoles; 
however,  these  were  removed  for  this  experiment  (they 
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Figure  4.  Partial  ring  above  the  disc,  with  multi-dipoles  In 
place.  The  axis  o(  Ihe  laser  beam  is  tipped  slightly  out  o(  the 
plane  ol  the  ring  so  that  tx)lh  front  and  back  can  be  seen: 
20  seem,  200  W.  The  horizontal  line  is  the  diameter  of  the 
upper  Surface  ol  the  disc. 

were  pre.scnl  for  the  disc  and  ring  cloud  shown  in  figure 
4).  The  spot  scanning  images  of  the  traps  for  3  3.  31  and 
S.Ssecm  Ar  flow,  or  Q  Q,,  of  I,  9.4  and  16  7  arc  shown  in 
figures  5(u)  (i )  The  horizontal  lines  represent  the  lop 
side  of  the  face  of  the  cube  normal  to  the  incoming  laser 
beam.  In  figure  5(<i).  Ihc  cloud  has  about  Ihe  same  width 
as  the  cube  side,  but  is  displaced  to  Ihe  left,  in  the 
'ircctici'  f  F^,.  In  figure  Mh).  for  Q/Qi,  -  9,4  the  cloud 
IS  much  reduced  in  size  in  the  plane  normal  to  Ihc  laser 
beam,  and  is  displaced  considerably  to  the  left.  Note  that 
Ihe  drag  force  has  ineicased  in  strength  by  a  factor  of 
about  nine  from  ihe  case  in  figure  .3(0).  Finally,  in  figure 
5(i ).  the  dislorlion  continues,  for  this  case,  the  drag  force 
is  16.7  times  larger  than  is  the  ease  for  figure  .3(u).  For 
larger  Ar  flows  than  (}  y,,  of  16.7,  the  cloud  disap¬ 
peared;  we  theorize  that  Ihc  drag  is  large  enough  to  free 
Ihe  particles  from  the  trap  T  he  cloud  in  figure  3  is 
another  image  for  this  case,  torresponding  to  y 
<?„-  2  1 


5.  Discussion 

T  he  spot  scanning  technique  described  here  is  prohably 
not  oplimum,  since  videotape  is  inhcrcnlly  a  noisy 
mcxlium.  It  Ihe  light  emild  he  focused  on  a  photodiode 
and  Ihe  system  moved  ahoiil  to  disi  oie  points  sinuila- 
Img  pixels,  then  the  errors  reported  above  could  be 
reduced  Selwyn  rl  ill  have  taken  a  first  vtep  toward 
doing  this  [k] 

Wc  theorize  that  T,,.  plays  an  imporlani  role  in  Ihe 
disirihulion  of  trapped  particles  and  in  Ihc  shape  of  ihe 
parlicTc  cloud  Now,  / Ihc  lungonlial  component  of 
Ihc  drag  force  on  any  particle  is  pioporlional  to  Q  y,. 
One  would  exiveci  that  panicle  d  "hulions  wimld  be 
displaced  in  the  direction  of  T,,..  winch  is  whal  wc  have 
ohserved  for  the  two  cases  shown  in  figures  4  and  3,  wc 
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FIguro  5.  Clouds  above  the  ^  he.  with  multi-difx;*es 
removed  The  horizontal  line  Is  the  top  side  ol  the  fare  of  the 
cube  normal  to  the  laser  beam  axis  350  W  (ai  3  3  seem,  (p) 
31  seem,  (c)  55  seem 


have  also  uhverved  displaterncht  of  clouds  m  the  T,,, 
direction  for  other  cases  not  reported  here 

In  li^ure  .S.  the  v.  e  plane  cross  section  of  the  trap 
decreases  significantly  from  figure  S(u)  to  figure  Mi),  as 
Q  Q„  increases  from  I  to  16  7.  while  Smss  docs  not 


change  much  for  the  three  cases.  If  we  assume  that  the 
dimension  of  the  cloud  (which  we  cannot  measure)  into 
the  page  in  the  c  direction  is  at  least  not  increasing,  and 
that  the  particle  size  is  constant,  then  the  particle  density 
remains  nearly  constant.  If  all  this  were  true,  then 
particles  are  not  conserved.  They  would  be  leaking  out 
of  the  cloud  and  trap  as  Q!Q„  increases.  This  is  consist¬ 
ent  with  the  concept  that  the  drag  force  becomes  large 
enough  that  some  particles  may  escape  the  trap.  For 
Q'Qa>  16.7sccm,  no  cloud  is  seen,  so  that  the  drag 
force  must  be  large  enough  that  all  particles  escape  the 
trap. 

A  separate  issue  is  the  behaviour  of  the  electrostatic 
irap  containing  the  particles.  Our  view  is  that  a  trap  is 
created  at  the  instant  the  Ri  power  is  turned  on  by  the 
system  itself  in  some  manner  as  yet  to  be  determined, 
and  its  existence  does  not  depend  on  particles  [5.6].  The 
negatively  charged  particles  then  How  into  the  trap 
Subsequently  Ihey  may  change  its  boundaries 

We  theorize  ih.il  the  drag  force  inlluences  the  posi¬ 
tion  of  particles  wiihm  ihe  irup.  T  he  final  position  of  a 
particle  is  determined  by  balance  of  the  drag  force  with 
the  clectriistatie  force  associaled  with  the  irtip  bound¬ 
aries  [5 1  and  the  gravitational  force.  A  particle  with 
thermal  energy  may  move  about  some  equilibrium  po¬ 
sition.  )  hus  a  strong  tiansversc  drag  force  ctin  cause  the 
cloud  of  particle's  to  move  to  one  side  of  a  tr.ip.  and  if  it 
IS  large  enough,  the  particle  will  escape  the  trap 

Charged  particles  cert.iinlv  can  alter  the  boundaries 
of  the  tra.'i  (S)  As  the  tra|>  fills  with  panicles,  the  trap 
may  expand  like  a  balloon  lilling  with  water  If  particles 
are  moved  to  one  side  of  a  trap  by  the  drag  force,  then 
the  trap  may  be  badly  ilistorted  on  that  sale  All  of  these 
suppositions  are  consistent  with  the  results  shown  here 
The  details  of  the  eleetrost.ilic  boniularies  of  a  trap 
need  to  be  investigated  as  a  lunetion  of  Ar  flow,  using, 
for  example  a  I  angmiin  probe  |-T  t>]  We  have  seen 
that  the  cloud  of  a  dot  trap  over  the  cone  was  unaffected 
by  Ar  tlow  or  .ippareiitly.  by  the  drag  force  One 
explanation  is  that  the  incremental  change  in  the  plasma 
polential  at  the  trap  boundary  between  the  interior  of 
the  trap  and  the  surrounding  ambient  pl.isma  is  very 
large,  leading  to  a  large  electric  held,  so  that  the  drag 
force  would  have  small  influence 

From  figure  .7.  it  is  clear  th.it  we  are  creating  an 
linage  ol  a  three-dimensional  cloud  on  .i  two-diinen 
sioiial  plane  normal  to  the  laser  beam,  such  as  is  shown 
in  figure  .V  W  hile  the  ioc.ition  and  intensity  values  of  .i 
contour  of  constant  intensity  tire  cert.iinlv  .iccurate  to 
within  error  values  st.itcil  above,  the  interpretalu'ii  in 
terms  of  particle  size  tind  panicle  density  disiribulion 
within  the  pailiele  vioud  cannot  be  detliiced  Iroiri  this 
single  two-diineiiiional  plot  I  Inis  tlie  inteiv.itv  values  of 
figure  .7  have  little  nie.imng  at  present;  the  most  v.ihiable 
inforination  obtain. ihle  is  the  bouinlanes  ol  the  chniil  as 
pro|ccti'd  on  this  ph-iie  However,  .is  in  nietlic  tl  tomo¬ 
graphy.  if.  Ill  adililitin  to  the  plot  of  tigtire  3.  twii- 
dinieiistonal  images  can  be  obtained  in  planes  pcr|scn 
dicular  to  that  ol  liguie  then  informalntn  about 
particle  size  density  may  be  lorthcoriting 
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Abstract  Particles  or  'dust'  in  etching  or  deposition  plasmas  are  an  important  cause 
of  product laid  loss  and  equipment  down-time.  T raditional  methods  of  particle 
control  are  only  partially  effective  in  plasma  processing.  This  is  because  formation 
and  transport  of  particles  are  strongly  influenced  by  plasma  electrical  and  chemical 
properties.  Particle  control  in  plasma  processing  requires  understanding  of  these 
effects  and  their  relation  to  aspects  of  tool  and  process  design.  Laser  light  scattering 
has  been  used  to  monitor  the  behaviour  of  particles  for  a  wide  range  of  plasma  tools. 
This  method  provides  information  on  location  and  transport  of  particles.  In  some 
variations,  light  .scattering  may  also  be  used  for  particle  size  determination.  Results 
have  been  obtained  in  sputter,  etch  ar  deposition  tools  of  planar  diode  and 
magnetron-enhancod  designs.  Som>^  ults  have  also  been  obtained  in  electron 
cyclotron  resonance  tools  and  radii  luency  inductive  tools.  From  this  database, 
differences  and  common  elements  are  observed  lor  the  behaviour  of  particles.  The 
particle  trapping  phenomenon  is  often  observed.  Particle  traps  have  an  important 
bearing  on  wafer  contamination.  Traps  cause  part'^les  to  accumcLite  into  localized 
regions  during  plasma  operation,  only  to  be  suddenly  released  at  the  end  of  the 
process,  thereby  contaminating  the  wale'  Spatially  resolved  optical  emission  may  be 
used  to  .nap  the  location  and  intensity  of  particle  traps.  This  metiiod  also  provides  a 
semi-quantitative  comparison  with  two-dimensional  modelling  studies.  !t  .may  also  be 
used  to  optimize  grooved  electrode  design  for  particle  contamination  control. 


1.  Introduction 

Particle  contamination  is  a  key  concern  aniong  .t  manu¬ 
facturers  of  semiconductor  and  magnetic  storage  tech¬ 
nologies  as  well  as  makers  of  flat  panel  displays  and  thin 
film  coatings.  Plasma  processes  arc  used  for  etching, 
deposition,  sputtering  and  surface  modification.  Despite 
the  low  operating  pi  s  ire  and  improvements  in  auto¬ 
mated  wafer  handling  systems  in  these  tools,  particle 
contamination  is  still  a  major  cause  of  yield  loss  and 
down-time  in  many  plasma  processes.  Further,  improve¬ 
ments  in  contamination  control  for  plasma  processes 
have  lagged  behind  that  of  other  fabrication  tools.  As  a 
result,  plasma  tools  arc  now  identified  as  a  major 
contributor  to  product  contamination  in  many  semicon¬ 
ductor  processes  [I  4], 

One  reason  for  this  undesirable  distinction  is  that 
particles  behave  differently  in  plasmas  than  m  neutral 
environments,  such  as  dean  rooms,  inspection  stations 
and  steppers.  Particulates  in  neutral  environments  arc 
primarily  influenced  by  thermal  gradients,  turbulence, 
gravity  and  gas  drag.  T  hese  effects  have  been  extensively 
studied  and  are  well  recognized.  Controlling  contamina¬ 
tion  in  neutral  environments  requires  evaluation  of  the 
forces  acting  upon  particles,  engineering  means  to  divert 
particles  from  sensitive  surfaces  and  control  of  particles 
sources  Hence,  the  evolution  of  the  clean  room. 

The  same  approach  may  be  used  for  control  of 


particles  in  plasmas,  provided  there  is  proper  recogni¬ 
tion  and  understanding  of  the  plasma  environment.  In 
addition  to  any  external  sources,  plasmas  iienirntc  par¬ 
ticles  by  reactive,  homogeneous  chemistry  [1,5  7]  and 
by  fracture  of  deposited  wall  films  [X,  9].  The  presence 
of  free  electrons  causes  accumulation  of  negative  charge 
on  particles  [10  12].  As  many  as  10'  negative  charges 
may  accumulate  on  a  lOjim  particle  in  a  typical  plasma 
[8],  In  addition  to  the  forces  present  in  neutral  environ¬ 
ments,  particles  in  plasmas  are  inlluenced  by  electrical 
field  gradients  and  inhomogeneities  [13  16],  The  role  of 
these  forces  and  of  particle  generation  must  be  evaluated 
m  an  elTectivc  control  strategy. 

Being  complicated  environments,  plasmas  are  often 
modelled  only  along  the  spatial  dimension  between  the 
electrodes,  with  the  radial  dime.nsion  considered  infinilc. 
In  reality,  the  radial  dimcnsiun  is  bounded  by  tool  walls, 
clamp  rings,  view  ports,  pump  exhausts  and  wen  the 
edges  of  a  wafer.  Onc-dimensional  models  and  related 
experimental  studiis  often  overlook  these  effects,  which 
him-  much  heuriuy  <in  particle  hchanimr. 

Fhis  work  focuses  upon  optical  methrrds  of  charac¬ 
terizing  particles  and  the  plasma  inhomogeneitics  lhal 
inlluence  particle  transport.  Study  of  these  effects  is 
essential  for  effective  contamination  control.  As  an  ad¬ 
ded  benefit,  it  is  seen  that  particles  dcl.ncaic  certain 
properties  not  previously  rioted  in  cxpcrimenlal  or 
modelling  studies.  Characterization  of  these  new' 
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plasma  properties  provides  clues  not  only  for  contami¬ 
nation  control,  but  also  Tor  solution  of  other  processing 
problems. 


2.  ParUcIo  measuroment  and  detection 

2.1.  Light  scattering 

Laser  iight  scatte.iiig  t'LLS)  as  been  the  p,-imary  means 
of  detecting  particles.  !n  tliis  technique,  a  laser  (often 
one  operating  in  the  visible  region)  is  directed  into  the 
plasma  parallel  to  the  electrode  at  the  plasma/sheath 
interface  [8].  For  particles  >0.5 /im  and  for  visible  light, 
elastic  scattering  (sometimes  called  Mie  scattering)  oc¬ 
curs  primarily  along  the  forward  direction  within  an 
about  15’  cone  [17].  Particles  smaller  than  0.5/im 
typically  scatter  light  in  a  more  isotropic  manner  (com¬ 
monly  called  Rayleigh  scattering).  The  forward  scattered 
light  is  collected  with  a  camera  or  lens  assembly  and  is 
detected  with  a  photomultiplier  or  ft'D  video  camera. 

Some  studies  raster  the  incident  laser  light  using  a 
rapidly  scanning  mirror  [15,18].  In  this  approach  a 
plane  is  mapped  and  particles  may  be  detected  within 
the  rasier  limits.  Because  particles  in  plasmas  concen¬ 
trate  within  a  few  millimetres  of  the  sheath,  aligning  the 
raster  plane  with  the  sheath  plane  provides  an  efficient 
means  of  detecting  and  monitoring  particle  motion.  This 
capability  is  furt  ler  enhanced  by  use  of  a  video  camera 
to  detect  the  moving  points  of  scattered  light.  The 
technique  can  also  be  used  to  monitor  the  wafer  surface 
during  processing.  This  is  especially  useful  in  high-den¬ 
sity  plasma  tools  with  very  thin  sheaths. 

The  video  framing  frequency  used  in  lls  also  pro¬ 
vides  a  convenient  timing  mark.  This  may  be  used  with 
known  distances  (such  as  the  diameter  of  silicon  wafers) 
to  infer  particle  transport  velocities.  The  ‘snapshot’  pro- 
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Figure  1.  The  rastered  laser  light  f.c  .itering  experimental 
set-up,  showing  the  position  of  the  laser,  video  detection 
system  and  the  plasma  tool. 


vided  by  a  single  video  frame  is  highly  useful  in  ident¬ 
ifying  transient  events  that  are  easily  missed  by  the 
human  eye  and  photomulliplicrs.  For  example,  frame- 
by-frame  comparison  can  reveal  the  exact  timing  and 
source  of  particles  in  the  plasma  or  on  the  wn''er  surface. 
The  background  imagery  of  the  plasma  is  helpful  in 
inferring  causes  and  possible  corrections  to  troublesome 
particle  sources. 

Figure  I  shows  a  rastered  lls  set-up,  Clouds  of 
particles  can  be  viewed  by  moving  the  raster  plane  along 
the  intcrelectrodc  axis  and  by  expanding  the  rastered 
laser  beam.  A  photograph  of  a  trapped  cloud  of  particles 
over  three  silicon  wafers  in  a  sputtering  plasma  is  shown 
in  figure  2  [14].  Particle  trapping  is  clearly  evident. 
More  will  be  said  later  about  particle  traps. 

Rastered  ll,s  requires  careful  optical  alignment  and 
consideration  of  laser  power  density  as  the  expanded 


Figure  2.  A  photograph  of  the  rastered  laser  light  scattering  image  showing 
trapped  particle  clouds  over  three  closely  packed  Si  wafers  on  a  graphite 
electrode. 
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iasci  plane  has  much  lower  power  ilciisiis  ihan  an 
uncapandeO  beam  Mulliple  rcfleclioii.  from  lool  walls, 
windows  and  silicon  wafers  can  c.iiisc  inoleadmii 
measurements  Similarly,  an  cxcessivcU  diny  or  clouded 
wmde  *  can  complicate  detection  1 1  s  ispual'y  lequirc-s 
two  windows  in  oppcssing  directions  .md  in  sicv*  r»f  the 
plasma  sheath  boundary  Wafer  clamp  rings  or  deep 
wafer  wells  can  obscure  detection  of  particle  traps  A 
single  window  has  been  used  fv>r  both  entering  the  laser 
light  and  scattered  light  detection  (W]  I  his  is  most 
feasible  for  detection  of  metal  particles  as  these  base 
nrefercntial  hack  scattering  [20]  I  he  use  of  two  win¬ 
dow'  on  the  same  side  of  the  plasm. i  ii>ol  has  been 
described  [21]  Inter  e  incoherent  light  has  been  'iseu 
fc'r  sc.lunc  particle  dctcxlion  [22],  hut  it  should  be 
poled  that  this  approach  is  generally  less  sensitise  tbul 
often  more  convenient  and  with  much  fewer  safety 
concerns)  than  the  use  of  coherent  laser  light  because  of 
the  ability  of  lasers  to  delivr  greater  brightness  with 
better  niopochromaticity  end  polari/a'ion  purity  ihun 
incoherent  light  sources. 

The  use  of  i.Ls  combined  wiih  electric  profse 
measurements  pri  vidcs  a  convincing  argument  for  the 
coincidence  of  particles  with  K.calizcd  plasma  disturban¬ 
ces  [15, 16],  Optical  emission  speetroseopy  may  also  be 
used  to  detect  particle  traps,  as  described  below,  and 
these  results  may  be  compared  with  particle  imaging 
provided  by  lls. 

Panicle  sizing  is  usually  done  by  angular  measure¬ 
ment  of  light  scattering  t  '‘;a'!v,  ihis  is  iiic'snvenicnt  for 
plasma  tools.  Instead,  other  techniques  are  necessary. 
Light  scattering  intensity  from  particles  >0,2 pm  de¬ 
pends  on  the  particle  size,  index  of  refraction  and  shape; 
and  the  wavelength  and  detection  angle  for  the  scattered 
light  [17,2.5],  By  measuring  the  light  intensity  scattered 
from  multiple  incident  wavelengths  at  vaiious 


wavciengih'.,  particle  si/c  may  bt'  infencvl  from  .i  fivesf 
dclcclum  orienlation.  provided  th.it  .issumption-  aK-ui 
pwrticfc  shapr-  .iiul  index  -I  refraction  .ire  v.ihd  I  ho 
methiHj  IS  simpliticd  hv  ihe  leveni  conimciv i.il  .iv.uiahd 
ity  of  ‘white’  light  laser--  I  hese  Lontinuous  w.ivc  ias.-is 
operate  with  .i  (ci  \r  .tc  gas  mis'-iire  that  pros  ides 
imiltiple.  coherent  w.isi-length  emis,ion  ,it  sesrial  -hs 
eielc  wavelengths  throughout  Ihe  visible  region 

I  igure  t  shows  i  caktilalion  of  lighi  vcalleimg 
inlensitv  for  ^  deieclion  orientation  as  .i  (unction  of 
particle  si/e  for  ihrcv  laser  wavelengths  4hS  (hhiel  S14 
(green)  and  ht.’iim  (red)  I  lom  ligure  '  it  is  als  ■  sc-en 
lhal.  as  a  particle  grows  in  size,  its  app.ircni  scattering 
colour  will  cycle  belwex-n  blue,  green  .mil  reil  This 
pbenvunenon  has  been  observed  lor  pl.isrna  ruiele.ilevi 
particles  [14]  However,  h  r  a  particle  cloud  containing 
a  i/ivrrihurriui  of  particle  sizes,  white  light  vealtering  is 
observed.  This  limits  ihe  sizing  abiluv  of  the  lechniqiie 
Moriodispcrsc  particle  distributions  are  typically  ob¬ 
served  for  short  diiialion  plasmas,  which  are  prone  to 
particle  niiclealion  [6].  A  broader  partielc  distribution  is 
often  seen  in  plasmas  after  prolonged  operation  or  in 
plasmas  contaminated  by  wall  flaking. 

Dyn.irnic  light  scattering,  which  measures  the  Ihitiii- 
iiiion^,  of  seaticred  light  intensity,  has  also  been  osed  lo 
determine  particle  size  in  plasmas  [24,  25]  This  method 
IS  especially  useful  hr  measurement  of  particles 
in  size.  Results  using  dynamic  light  scattering 
often  show  a  uniform  particle  size  for  very  small,  grow¬ 
ing  parlieles.  This  resuh  Is  in  ag. cement  W'i’h  ti:m 
measurements  of  panicles  in  pulsed  plasmas  [26].  Par¬ 
ticle  size  has  also  been  deduced  from  panicle  mass 
measurements.  P.irticic  mass  was  measured  by  a  Dop¬ 
pler  anemometry  technique,  which  measures  the  axial 
velocity  v)f  particles  when  the  plasma  is  briclly  interrup¬ 
ted  [6, 27], 


Scattering  vs.  Porticle  Size  (p  pol,  15=5°,  N  =  1.5-l-0i) 


Sphere  radius  (microns) 

Figure  3.  Calculated  scattering  power  lor  three  laser  wavelengths  (488  St 4  and 
632  nm)  lor  a  fixed  detection  angle  of  10“  as  a  lunction  oi  particle  size. 
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2.2.1.  ike  %ao|iW  wafer  p4a^ma  rirknif*  (cM)t  Ihiv  pi.in.i 
»!kh)c  clchm^  (i‘oi  '.hi>\^<,*Ll  (\m  »  liKiim.  l  l  if  mis  .'f  p.irlidi' 
ir.ippinjf  structures  .t  nn^  surrf uiulini!  ihv  cii^c  .*1  the 
wafer  aial  a  J*»nK*  fr  disc  ihiuc  the  ccuirc  <d  the  w.iler 
I  he  hi>tt<>m  edge  ol  eac  h  ‘.rap  -iKo  c«.Mncided  with  the 
sheath  plesma  houiulatv  and  the  U’p  (d  the  sifueniies 
extended  up  to  several  niilluiielres  into  the  plasma 
II^.IS] 

2.2.2.  Thr  batch  Hafcr  plasma  etching  tool  Multiple, 
scparalcil  wafers  showeil  trapping  efTcets  similar  for  each 
individual  wafer  [I4J  Decreasing  the  separation  he 
tween  wafers  on  the  ki  electrode  caused  dilfercnces  in 
the  shape  and  intensity  of  the  particle  clouds  Nearly 
touching  wafers  caused  very  strong  traps  to  form  above 
the  interstitial  regions  between  the  '.vafe's.  These  ; 
were  affected  by  wafer  positional  changes  as  small  as 
1  mm.  Particles  were  found  to  accumulate  first  in  the 
stronger  locations,  then  spread  out  to  other  traps. 

2.2.3  The  batch  wafer  plasma  deposition  tool  Ten 

125inm  diameter  wafers  were  rotated  slowly  on  the 
lower,  grounded  electrode  during  the  deposition  process 
[21],  The  wafers  were  mounted  on  pedestals  grouped 
along  the  perimeter  of  the  electrode  Thus,  the  ccntial 
electrode  region  was  shadowed  from  the  laser  beam  and 
could  not  be  monitored  However,  In  this  tool,  clouds  of 
submicrometre  size  particles  were  trapped  in  the  tubes 
mounting  the  viewports.  This  region  acted  as  a  particle 
’cannon'  by  trapping  particles  during  the  process  and 
then  expelling  the  particles  onto  the  wafers  at  the 
process  completion.  rime-resoIvcd  video  measurements 
and  wafer  spot  counts  were  used  to  confirm  this  mech¬ 
anism. 

2.2.4.  The  magnetron  plasma  etching  tool  The  wafer 
clamp  ring  was  found  to  be  an  importan’  contributor  to 
wafer  contamination  in  this  tool,  due  to  the  intense  traps 
formed  along  the  inside  edge  of  the  clamp  ring  and  near 
the  'fingers’,  or  clamp  ring  eonlaci  points  [2S).  Magnet¬ 
ron  operation  caused  the  particles  to  drop  closer  to  the 
wafer  as  the  sheath  grew  thinner  Rotation  of  the  mag¬ 
netron  field  similarly  caused  rotation  of  particle  clouds 
about  the  interior  of  the  clamp  ring  and  the  tool  walls 
Low-  pressure  operation  |2d  50,n  forr)  of  this  tool  did 
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i  hue  k  111  ihiv  "xiM  j  N  .(  )  ^  i(  )  vicp«  'bil  it  'll  liM  »i  h.ul  hi  l  k 
.tpp.m-nl  NeMriiij.’  .ui  {he*  h.tusp«frl  t*(  p.tiikli  '  .>t'ii«'  ihc 
ve.ik-r  Inslc.ul  puni'.lfs  i-iceici.j  inli>  ihc  phisiu.i  Inun  the 
iiu'I  WiiHs  vine  li*  Ihcrni.il  or  eloctrie.il  slrewcs  were 
euirukl  .ihoii!  i  ni  hv  the  ion  current  li*  the  w.iler  (  hese 
piiflielcs  were  hunetl  hv  thr  ‘lepositu'n  lilni  [21  j  \.il 
uriillv.  these  huneJ  pirticlcs  were  mipossiSlc  to  renune 
in  s'lhseeiuent  ‘kps  St>me  large  particles  aciually 
hounctil  ofT  the  w.il'*r  Askle  frt'nt  transport  m  iihe  kTI 
current,  no  similarity  wu!i  other  trapping  efl'cfis  was 
noted. 

2.2.7.  The  electron  cyclotron  resonance  plasma  etching 
tool  I  his  compact  la  R  tool  used  an  upwarj  facing  wafer 
Ioc.uCl’  clc.bC  to  the  .e:r>iu*nec  is-gion  u.»d  lypically 
operated  at  pressures  <  lOm'lorr  [.^0],  As  m  the  previ- 
ous  tool,  some  particles  were  seen  moving  with  the  ion 
current,  but  appeared  to  deviate  around  the  wafer  in 
agreement  with  model  predictions  [.M].  However,  the 
upward  facing  wafer  was  subceptib!e  to  particle  deposi¬ 
tion  from  the  upper  i.gions  of  the  tool  and  was  aug¬ 
mented  by  oihc.  particles  created  during  the  princess. 

2.2.8.  The  Rh-induclive  plasma  tool  topographic  struc¬ 
tures  designed  into  the  RJ^  biased  electrode  of  this  induc¬ 
tive  tool  showed  clear  evidence  of  trapped  particle 
clouds,  even  for  sheaths  smaller  than  0.07  rnm  Oper¬ 
ation  of  the  inductive  coupling  source  showed  little 
change  m  particle  trap  behaviour,  with  the  exception  of 
a  curious  striation  observed  in  the  trapped  pailicic 
clouds  A  silicon  wefer  was  also  found  to  trap  particles. 
In  addition,  particles  were  also  seen  in  tool  view  ports 
and  along  the  outside  edges  of  the  Rt  biawxl  electrode, 

3.  Measuroments  of  sheaths  and  particle  traps 

Tl.  Nature  of  particle  traps 

•As  described  above,  experimental  studies  have  shown 
thill  lopogruphic  and  material  discoiitmuities  on  the 
electrode  and  other  parts  of  plasma  tools  induce  disturb¬ 
ances  in  the  plasma  that  attract  or  trap  particles.  Par¬ 
ticle  traps  arc  ihrcc-dimensionid  inhomogcnc.iies. 
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K'tinJo)  h»  I'w  pl«urva  thralh  inlcr<»tc  i-n  one  side  jn-.< 
ihc  pfi'nKtff  !■<  ihr  rlcilrodr  jKlurhatKf  .ilong  Ihc 
Koti/onijl  dirmr<ii.ii>n  I  hr  trap  ullcn  proKvl''  up  itili< 
ihr  ptuuiM  in  j  ilunK  nr  lonical  ^h.^(rc  ( IX,  '’)  l>r\p«lc 
Ihf  fcpuhnr  fo(iv  ,jp<>r  like  charged  pailiclc\.  particlc\ 
jifc  tcnfinoJ  '•nhirt  ihrw  rr^pon-v  Insulc  Ihc 

if*p».  pjirli(.li'v  nllcn  displu>  (.iiliccli'c  hch.i\ioui.  re- 
(.cnihlmg  (  I'ulnmhit  ligtiiilN  !<'.  ”] 

I’lobc  inCisuicmcnU  h.HC  shimii  Ihiii  prirlicic  traps 
hj\c  a  higher  plasma  poicnlial  than  ihs  surrounding 
plasma  regions.  |n>sMhl>  rsplainng  ihc  drill  of  particles 
lo  ihcsc  localized  regions  (1“']  Alicrnalivelv,  loi'  drag 
force,  also  inllucnted  bs  plasma  inhoinogcneuies.  can 
imparl  momcnium  and  cause  panicle  Iransporl  ( .*.V  .UJ 
I’arlicle  traps  base  been  idenlilied  in  a  s.ide  range  of 
etching  and  deposition  planar  dunle  plasma  tools,  as 
well  as  magnetron  etching  and  sputtering  'ools  and 
high  dcfisity  mductise  plasma  tools  In  each  case,  elec¬ 
trode  topography  and  or  changes  in  surface  material 
composition  have  been  related  lo  the  presence  of  the 
traps 

Mow  might  the  pre.crce  of  topographic  changes 
and./or  mu.cnal  diseonlinuilics  alTcci  the  plasma  and 
thereby  afTcct  particles'  Clearly,  Ihc  sheath  has  signifi¬ 
cant  influence  on  parbcles  because  of  the  (lux  of  ions  to 
the  electrode  and  the  electrostatic  influence  it  has  on 
charged  particles.  Intuitively,  topographic  changes  on 
the  electrode  must  in  some  way  alter  the  spatial  prolilc 
of  the  sheath,  causing  localized  changes  in  the  sheath 
thickness.  Material  changes  on  the  electrode  influence 
secondary  electron  emission  and  Ihcioby  cause  changes 
in  the  localized  plasma  density. 

Clearly,  this  explanation  is  overly  simplified.  To 
understand  how  electrode  topographic  and  material 
changes  influence  particles,  it  is  first  necessary  to  un¬ 
derstand  how  these  factors  influence  the  sheath.  Two- 
dimensional  and  perhaps  even  three-dimensional 
modelling  is  needed.  More  experimental  studies  arc 
needed  to  test  the  models.  Probes  may  be  used  for  this 
analysis.  However,  the  use  of  probes  in  and  near  the 
sheath  can  be  tricky,  esps-cially  in  situations  of  varied 
sheath  thickness  As  indicated  below,  optical  emission 
may  be  used  to  map  the  location  and  intensity  of 
particle  traps  and  the  sheath.  This  has  added  benefit  in 
studying  chemically  reactive  plasmas  which  attack  'r 
coal  probes 


3.2.  Spatially  raaolved  optical  emission  detection 

Analysis  of  optical  emission  inicnsny  variations  pro¬ 
vides  a  non-intrusive  means  for  detection  of  particle 
traps.  Optical  emission  intensity  is  a  eonvolulion  of  the 
density  of  ground  slate  species  and  the  probat 'lity  of 
electron  induced  cxeilalior,  lo  high  elect roiiie  slates. 
Because  particle  traps  are,  in  fact,  localized  plasma 
disturbances,  the  rate  of  electron-induced  exeilalion  is 
also  altered  in  these  regions  Accordingly,  the  intensity 
of  optical  emission  spectroscopy  (ot  s)  will  vary  spatially 
due  to  the  presence  of  traps.  This  approach  may  be  used 
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Figure  4.  Optical  emission  spectroscopy  isophotal  map  of 
Ar  neutral  emission  signal  (420.1  nm  line!  over  a  flat,  uniform 
electrode  cover. 


Horizonul  pssnicri,  (.nm) 

Figure  5.  Optical  emission  spectroscopy  isophotal  map  of 
Ar  neutral  emission  signal  (420. 1  nm  line)  over  a  grooved 
electrode  (type  1).  The  dimensions  ol  the  groove  are  3mm 
deep  X  1 2  mm  wide.  The  groove  extends  the  entire  length  of 
the  120  mm  square  electrode. 


to  map  qiianlilalivciy  the  presence  and  intensity  of 
particle  traps  and  lo  correlate  these  formations  with 
features  on  the  tool  electrode  [.VS,  .16] 

I  he  cxpcriincnlal  apparatus  for  spatially  resolved  iii  s 
dcteetior.  of  particle  traps  is  described  elsewhere  [IS] 
Briefly,  a  senes  of  lenses  and  apertures  is  used  lo  define  a 
cylindrical  volume  element,  aligned  with  a  groove  in  the 
Kr-bi  iscd  electrode  of  a  planar  diode  plasma  tool  I  hc 
detection  volume  is  conlinuously  varied  as  a  function  of 
time  in  a  controlled,  serpentine  miinrier  with  respeel  to 
the  Ht  electrode  by  moving  the  entire  optical  sysicm  and 
the  tool  A  SO  mm  x  .10  mm  region  directly  above  the  Ki 
electrode  ;s  map|X'd  using  this  approach  fo  avoid  errors 
arising  from  path  length  diflerenees,  a  square  electrode  is 
Used,  with  good  results  [.16] 

Ihc  420.1  nm  At  neutral  emission  line  is  monilorcd- 
wilh  spectral  resolution  o:'  about  0.2  nm  I  hc  limc-de- 
pcndcnl  oi;S  signal  is  convened  'o  a  map  of  intensity  of 
the  420.1  nm  neutral  Ar  cniisiaon  line  versus  horizontal 
and  height  coordinates  above  the  electrode  This,  wc  call 
ail  i\opluiitil  »iii/>  because  the  contours  denote  hnes  of 
equal  emission  inlensity  in  this  phase  space  As  shown 
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Optical  characterization  of  particle  traps 
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Figure  6.  Optical  emission  spectroscopy  isophotal  map  of 
Ar  neutral  emission  signal  (420  1  nm  line)  over  a  grooved 
electrode  (type  2)  The  groove  is  ol  the  same  dimension  as 
that  ol  type  1  but  stops  1 2  mm  Irom  both  sides  ol  the 
electrode.  Results  were  obtained  m  a  clean  plasma,  belcre 
particle  miection 
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Figurt  7.  Oplical  emisston  sp^:tfoscopy  isophoiai  map  of 
Ar  neutral  eniiss*on  signal  (4?0  1  nm  imoi  over  «i  groovyij 
electrode  (type  ?)  T  his  plasma  was  heavily  (jontammated  by 
particles  using  an  mtecdor  The  particles  collec.ted  over  the 
groove  m  the  regions  indicated  by  tht*  lirokeri  line  The 
centre  rectangle  shtjws  the  greatest  density  r.d  particles 

in  hgurc  4.  ronltN  t’ht.iincd  wiih  .t  {vricctlv  tiaf  .iiul 
uniform  cIcctftHlc  shtm  coMMstciilU  level  Ci'iU'»uf>  vMlh 
no  obseived  v ari.ihi'H >  I  he  shc.ith  region  i> 

indiealctl  b>  an  inere.ise  in  ernixshm  inleiiMlv  ilue  tu  ihe 
increasing,  lime  *»\erageil  excilalion  bv  electrons  Above 
the  sheath,  in  ihe  plasma,  the  emission  iniensiiy  gradual 
)>  decreases  vxiih  height 

In  contrast,  figure  shows  an  isophoiic  map  t>\cr  an 
Al  electrode  with  a  lJ?mm  •  Tmin  deep  grot>vc  Ihe 
length  of  the  groove  is  ahgncxl  with  the  .ixis  of  the 
optical  detection  cylinder.  As  indicated  by  the  emission 
contours,  the  sheath  dips  closer  to  the  electrode  directly 
over  the  groove,  centred  at  0mm.  A  bright  region  is  seen 
above  the  centre  of  the  groove.  Ihe  location  and  mien 
siiy  of  the  bright  spots  were  seen  to  vary  with  piessure. 
groove  design,  kt  power  and  chemical  composition  ol 
the  plasma  [36J 
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Figure  0.  Optical  emission  spectroscopy  isophotal  map  of 
Ar  neutral  emission  signal  (420.1  nm  line)  over  a  grooved 
electrode  (type  2)  The  plasma  was  cleaned  immediately 
after  results  of  figure  7  by  pulsing  the  plasma.  Laser  light 
scattering  showed  no  particles.  Note  that  the  trap  is  more 
tightly  focused,  similar  to  that  in  figure  6. 


Properly  designed,  grooved  ciceirodes  have  been 
shown  ti*  be  an  elTective  means  of  controlling  particle 
c»>nlamination  in  plasm. i  looK  [.H)  Particles  arealtr.ic 
ted  to  well  delinevi.  loCiili/ed  regums  in  the  grooves  .iiuf 
tend  to  collect  preferentially  in  or  above  the  grooves, 
thereby  reilucmg  the  density  of  particles  lfap[X*d  over 
wafcis  H\  connecting  the  grooves  .ind  ch.iniiellmg  them 
i«‘  the  pump  port,  piriicles  rnav  fv  purgeil  Irmn  the 
pl.isin.i 

•o  help  correl.ile  Ihe  positum  of  if.ipfvil  p.irlicles 
Aiih  eleclrosi.iin.  traps  gu.inliliei!  hv  sp.iii.dlv  resof 
veil  «»is  m.ipping,  a  p.irlicle  iniecior  vsas  miuinted  on  the 
t«'P  ll.inge  **j  .1  (i|(  pl.isma  Itud  (tK)  luted  with  .t 
gri*<‘veil  eleitinde  Ihe  p.iiticle  iniettor  consists  i»|  a 
Macor  cylinder  connected  ii'  a  ferroHuidic  rotary 
vacuum  feed  through  Nrgon  feed  gas  for  the  plasma 
eniercil  upstre.un  .nul  .d>ove  the  M.icoi  evlmder  Iwn 
si.irdcsN  steel  tim*  mesh  brake  pads  were  spring  lo.ided 
to  press  lontimu’uslv  .igamsi  the  M.icor  cvliiuler,  which 
was  ituatcd  using  .i  conirollahle  electric  nu*lor  mounted 
•  »ulside  Ihe  plasm. i  t»M»l  liv  pulsing  the  miUor.  u  was 
ptKsibIc  It*  pulse  the  (lux  of  p.irlicles  entering  the  plasin.i 
wiihout  ihsturbmg  the  g.is  th"v  .u  '*ilierwise  .iltering 
plasma  eomhlions  lieli'w  the  cvliiuler  am)  pail  assem 
bly,  a  series  «>)  line  mesh  screens  wete  pi. iced  It*  et»ntrol 
Ihe  si/e  ol  particles  entering  the  plasm. i  In  this  wmk. 
parlicles  smaller  ih.in  abiuji  ^ /im  ctmhl  pass  ihrttugh 
the  screens  Mnwevei.  most  particles  were  1  /mi  or  small¬ 
er  Iwo  grt>o\eil  electrodes  were  tested  one  with  a 
groove  extending  acri'ss  the  entire  elecln-de  lelec(ri»ilc  I . 
figure  >)  and  t>ne  with  a  central  groove  that  iit>es  nt*l 
extend  to  the  eilgcs  of  the  sguare  electrode  (eleeiroile  3. 
figures  6  K)  I  aser  light  scailering  .ind  spaliallv  restilved 
optical  emission  maps  were  used  it*  monitor  results 
obtained  with  both  electrodes 

Particles  miecletl  init*  the  plasm. i  pi>wered  hv  elec 
trode  1  showered  ilown  onto  the  electrode.  .Soim*  par¬ 
ticles  collected  in  ihe  centre  of  ihc  grt*i>ve  I  hesc 
particles  were  grou|>ccl  into  a  n.irrow  line,  then  ch.tnnel 
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led  across  ihe  groove  and  drifled  oul  along  ihe  elecirode 
edge  into  the  pump  port.  The  particles  were  continu¬ 
ously  purged  out  of  the  plasma  along  Ihe  elecirode 
groove.  A  few  particles  lingered  momentarily  in  some 
sections  of  the  groove  where  a  minor  surface  imperfec- 
lion  was  found:  however,  these  particles  were  eventually 
purged  oul  of  the  plasma.  Results  obtained  with  elec- 
trosk  2  were  dramatically  diflierenl  Particles  collected 
into  a  line  above  the  groove.  Over  time,  the  density  of 
these  trapped  panicles  increased. 

Isopholic  emission  maps  were  obtained  for  identical 
plasma  conditions  using  cleclrixle  2  first  without,  then 
with  particle  injection,  and  again  in  a  relatively  clean 
plasma.  In  this  last  case,  the  plasma  was  slowly  pulsed 
to  release  particles  No  particles  were  seen  by  lls  after 
this  procedure  The  results  are  shown  in  figures  6  8. 
The  location  of  the  trapped  particles  in  figure  7  was 
measured  by  l.i  s  using  a  He  Ne  laser  aligned  with  Ihe 
optical  detection  axis 

As  indicaloj  by  ihe  closed  contours  in  Ihe  isophoial 
maps,  the  trap  seen  in  figure  6  is  strong  and  focused 
whereas  the  trap  seen  in  figure  7.  m  Ihe  presence  of 
particles,  is  significantly  larger  and  displaced  slightly 
upward  into  Ihe  plasma  The  presence  of  particles  has 
weakened  this  trap  and  disItKaled  its  location  In  figure 
8.  for  Ihe  'cleaned'  plasma.  Ihe  trap  has  again  been 
focused  lighter,  hut  remains  dislocated  higher  into  the 
plasma  The  trapped  particles  in  figure  7  are  aligned 
with  the  trap,  hut  are  lower  into  the  sheath  by  a  few 
millimetres,  probably  the  result  of  other  force  balances 
such  as  gravily.  ion  drag  and  gas  flow,  which  is  down 
ward  in  this  case  It  is  important  to  recogni/e  that  the 
isophotal  maps  indicate  the  position  and  intensity  of  the 
e/e< /rotiudi  trap  in  Ihe  plasma  resulting  from  the  inter¬ 
action  of  the  plasma  and  sheath  with  the  electrode 
surface,  whereas  the  particles  arc  localized  at  Ihe  point 
of  net  force  balance,  the  spot  at  which  electrostatic, 
neutral  drag,  ion  drag  and  gravitational  forces  are 
ctjualizcd  The  optical  emission  method  demonstrated 
above  is  especially  useful  for  designing  grooved  or 
self-cleaning  electrodes  because  it  provides  a  quantitat¬ 
ive  yet  non-intrusive  measurement  of  the  strength  and 
position  of  the  resultant  electrostatic  traps  in  the 
plasma.  7  hese  have  significant  influence  on  the  location 
of  trapped  particles  and  on  the  capacity  of  the  traps  to 
confine  particles 

The  presence  of  particles  appears  to  weaken  and 
defocus  trap  formation.  This  may  be  due  to  localized 
loss  of  free  electrons  Owing  to  charge  balance  in  the 
plasma,  negative  charge  from  panicles  can  only  lesult  in 
locally  reduced  electron  densely.  This  might  also  explain 
Ihe  'leakage'  of  particles  from  densely  filled  traps  [13]. 
Vo  summarize,  tiaps  are  seen  (i)  without  concurrent 
detection  of  particles  by  lls,  (ii)  over  electrodes  shown 
to  purge  particles  continuously,  (iiij  in  regions  other  than 
the  regions  in  which  particles  arc  delected  (especially  in 
a  balance  between  two  traps  [35])  and  (iv)  Ihe  inten¬ 
tional  addition  of  particles  to  traps  causes  a  weakening 
and  'defocusing'  of  the  optically  detected  traps.  The 
combination  of  these  observations  suggests  that  traps 


can  exist  without  the  presence  of  particles. 

What  might  be  the  significance  of  particle  traps 
without  particles'.’  Traps  are  a  consequcncx  of  plasma 
inhomogeneiiy,  caused  by  localized  changes  in  electron 
density  or  temperature.  In  high-density  tools,  traps  may 
also  be  caused  by  source  non-uniformities.  Ions  must 
also  respond  to  these  disturbances.  Process  uniformity 
effects  may  he  expected  in  regions  near  particle  traps  due 
to  this  influence  [16],  In  some  cases  traps  may  reduce 
process  uniformity,  but  traps  may  also  improve  uniform¬ 
ity  by  compensating  for  chemical  nonuniformities.  It  is 
also  interesting  to  note  that  plasma  uniformity  problems 
often  accompany  plasma  contamination  problems. 
However,  contamination  is  sporadic  in  nature,  due  to 
variations  in  particle  sources,  whereas  the  uniformity 
problems  are  consistent.  Clearly,  this  is  a  fertile  area  for 
future  study  and  modelling. 


4.  Conclusions 

Particles  arc  readily  observed  in  plasma  processes  using 
laser  and  incoherent  light  scattering.  Typically,  the  par¬ 
ticle  density  observed  in  plasma  tools  far  exceeds  the 
clean  room  background  and  is  often  the  single  major 
contributor  lo  wafer  contamination  in  manufacturing 
processes. 

Panicles  in  plasma  processes  behave  dilfcreiiily  I'lom 
those  in  other  vacuum  processes  because  of  the  ionized 
ambient  of  plasmas.  Particles  acquire  negative  charge 
and  arc  attracted  lo.  or  pushed  towards  localized  traps. 
fhe  exact  physical  location  of  particles  is  determined  by 
the  force  balance  point  between  Ihe  cicciroslalic  trap 
delincalcd  in  this  study  and  other  vector  forces  acting 
upon  particles,  ion  drag,  gravity,  neutral  drag  and  Iher- 
mophoresis  Particle  traps  of  different  forms  and  loca¬ 
tions  have  been  observed  in  a  wide  range  of  plasma 
tools  Material  and  or  topographic  discontinuities  on 
the  electrode  coincide  with  the  location  of  particle  traps. 
One  reason  for  this  is  the  influence  electrode  topo¬ 
graphic  and  material  discontinuities  have  on  the  sheath 
structure  and  profile.  Recent  two-di.  ensional  models 
have  successfully  predicted  the  location  of  particle  traps. 

Spatially  resolved  optical  emission  spectroscopy  may 
be  used  to  map  the  location  and  intensity  of  particle 
traps,  rhis  is  possible  because  optical  emission  intensity 
IS  sensitive  to  the  density  and  temperature  of  electrons. 
.Maps  of  emission  intensity  show  a  close  coincidence  of 
bright  spots  and  location  of  trapped  particles.  Using  this 
technique,  l.LS  and  measurements  for  various  grooved 
electrodes,  it  is  shown  that  particle  traps  are  an  inherent 
aspect  of  plasma  processing.  Traps  may  be  formed  in  the 
absence  of  particles,  but  are  changed  by  the  accumula¬ 
tion  of  particles,  f  inally,  it  is  suggested  that  particle 
traps  also  influence  etching,  deposition  or  sputter  uni¬ 
formity.  This  may  result  from  changes  in  ion  bombard¬ 
ment  below  a  trap.  However,  in  some  cases,  this  may 
compensate  for  chemical  non-uniformilA.>s,  which  also 
influence  process  uniformity. 
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Abstract.  The  elfects  of  oiatima  processing  conditions  on  tne  microstructural 
prr)perties  of  sn-con  powders  are  pres^^nted  Hvdrog»>r>atf»d  nanophase  Silicon 
powders  were  prepared  using  low-pressure  and  low  temperature  square  wave 
modulated  nr  plasma  (13  66  MH/)  using  pure  silane  rjas  Plasma  parameters  such 
as  pressure,  hf  power,  plasma  modulation  frequency,  and  gas  flow  rate  were  varied 
In  ntu  analysis  by  quaJrupolar  mass  spectroscopy  and  on  situ  analysis  of  the  silicon 
powders  by  Fourier  trans*orm  infrarerJ  spectroscopy  (»  ;;«)  .md  thermal  desorption 
spectrometry  of  oydrogtm  were  perfo'mf'd  The  thermal  desorption  sper  tromelry 
results  show  the  fundarnortai  differences  between  the  concentrations  of  hydrogen 
weakly  and  strongly  branded  <n  silicon  ()owders  as  compared  to  amorphous  silicon 
films  The  ^  on  tinaiysis  also  delermir',fxj  the  microstructural  characteristics  of 
powders  and  hence  their  volume  surface  ratio  Thi.s  parameter  was  determined  from 
the  balance  of  P  probabilities  of  havmg  one  of  the  H,  Si  Su  bond  arrangements  m 
tfie  powder  particles  These  results  reveal  an  increase  m  hydroqen  content  and  a 
.eduction  in  volume  surface  ratio  as  the  modulation  fff*quencv  of  wf  power  increases. 
In  consequence,  higher  compactness  of  sitrcon  nowders  is  associated  with  long 
particle  residence  times  mside  the  plasma  as  a  *esuit  of  ion  bombardment  reM 
analysis  indicated  a  considerable  dispersion  of  padicle  si/e  and  some  d'^ree  ot 
structure  of  the  silicon  powder  characten/erJ  by  mtergram  linkage  We  point  out  the 
dominant  presence  of  hydrogen  on  the  particle  surfaces  (e*ternal  voids),  which  may 
cause  the  high  reactivity  ot  grains,  increasing  the  degree  of  mtergram  linkage. 


1.  Introduction 

The  generation  of  powder  in  pl;j>mas  is  nucrc'.iing  due 
to  Its  involvement  as  a  contaminant  in  surface  proccss.’s, 
e  g.  plasma  etching,  and  in  deposition  processes  such  as 
reactive  sputtering,  chemical  vapour  deposition  ((  sd) 
and  other  techniques  [I  .^)  The  contamination  from 
particles  originating  in  the  plasma  itself  is  an  importani 
limitation  to  enlarging  the  scale  of  mlegralu>n  in  micro 
electronics  and  a  handicap  for  the  macroelcclromc  in¬ 
dustry  (production  of  photovoltaic  cell  .,  tlisplays.  flat 
panels,  large  area  detectors  and  sensors,  etc) 

Silicon  powder  formation  in  silane  plasma  enhanced 
chemical  vapour  deposition  (imxvd)  processes  is  alsi» 
interesting  because  of  its  possible  use  as  a  raw  material 
for  new  ceramics,  for  nanoscalc  filters  t>r  as  a  support  of 
catalytic  surfaces. 

Special  characteristics  associated  with  powder  pre¬ 
pared  by  Pix  VD  arc  nanometne  size,  the  high  purity 
(electronic  grade),  which  results  in  an  increase  in  both 


structural  and  ct>mpiisiiion:il  homogeneity,  the  possibil¬ 
ity  of  preparing  allo>',  by  mixing  preciirsoi  g.ises.  the 
chemical  read  n  it  y  that  i.letx.*iKls  the  degree  of  compact 
ncssand  the  suifacc  hydrogen  coverage  The  possibility  of 
controlling  the  si/e.  the  compactness  and  the  morpholi>gi- 
Ccl  character  istics  of  powder  produced  bv  low  -  pressure  and 
low-teniperature  plasmas  mainly  depends  on  the  process 
conditions:  pressure,  gas  llnw  laie.  lemperaturf  power 
density,  ami  modulation  frequency  »>r the cv citation  power. 

Other  more  fundamental  charaderisiics  id'  the  pow¬ 
der,  such  ;-s  hydrogen  content.  Si  11  bi>ml  distribution, 
oxygen  rcacliMly  and  micTiislructu.o*  have  ma  yet  been 
studied  in  detail,  although  these  m  iv  also  be  cx)x*dcd  to 
have  com  itlerabk  dependence  on  the  process  para¬ 
meters  preparation  and  annealing 

Previous  reports  dealing  with  the  influence  of  the 
technological  parameters  on  both  film  sirudure  and 
powder  formation  dynamics  [6  10)  reveal  the  square 
wave  me)dulalion  (v;wm)  of  the  kl  pi'wer  lei  be  an  easy 
way  tei  ce>nirol  powder  formation  and  film  microstruc- 
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ture.  The  increase  of  the  microsiructurc  when  the  sqwm 
frequency  decreases  is  due  to  the  incorporation  into  the 
growing  film  of  large  particles  coming  from  the  plasma, 
the  size  of  which  depends  on  the  suwm  lime  period  [6]. 
These  negatively  charged  particles  are  electrostatically 
confined  by  the  plasma  sheath  during  the  'plasma  on' 
periods  and  deposit  or  leave  the  plasma  chamber  as 
soon  as  the  sheath  disappears  [6,9  II]  An  analysis  of 
the  evolution  of  discharge  electrical  properties,  pt>wdcr 
volumetric  density  and  si/e  distribution  [2],  uml  tnc 
effects  of  diftcrent  initial  discharge  parameters,  shows 
that  powder  formation  takes  place  in  successive  phases 
after  plasma  igni'ion  [12]  An  initial  phase  (Ar  >  mil¬ 
liseconds)  of  generation  of  radicals  and  ions  during 
which  electron  atlachmciil  occurs  on  tiie  SiH,  rad-caK 
[9]  IS  followed  by  other  phases  characieri/cd  b>  the 
growth  of  negative  kmis  limited  by  a  ',is  residence  tune 
{i\l  of  several  seconds,  depending  (».i  the  experimental 
conditions)  t-xperimcnts  of  hi  plasma,  al  suitahh 

low  frequencies  depending  on  the  plasma  conditions, 
allow  control  of  the  degree  of  polymen/ation  «il  powders 
measured  by  ex  sHu  characieri/aiion  I  his  ^.an  alst>  bo 
pcrft>rmcd  by  controlling  the  resulence  time  of  powders 
inside  the  plasma  through  the  gas  How  r.Ue  [  1 

(  Ills  paper  is  focusetl  on  the  micrt'structural  charac 
tcri/alion  of  silicon  powder  t'htainod  from  v>wM  plasma 
silane  processes  in  particular,  wc  stiulx  the  de(X‘ndcnto 
of  the  silici>n  powder  niicrostructure  firstl>  on  the  sii  ine 
flow  rale  (ex|XTimcnt  Ai  and  sccondh  on  the  v;wm 
frequency  (ex(Knnieni  H)  f  he  silicon  piiwdcr  wa^  ana 
lysed  b>  I Durior  iransbirm  mlrarcd  spectroscopy  {»  iik). 
thermal  desorption  spcMromcti>  o|  fu<lr<»gcn  <  tosi.  and 
transmission  electron  microscop)  him) 


2.  Experimental  procedure 

Amorphous  silicon  thin  films  and  silicon  p<mdef  weie 
obtamed  b>  plasma  enhanced  chemical  vapour  deposi 
tion  (ei  i  VD)  itf  SiH*  in  .t  capacitivcU  coupled  Ki  rciictt*r 
[14]  I  he  reacHi>n  chamber  hail  a  rixtangular  paral 
lel  epipcdic  shape,  which  enabled  .i  vertical  laminar  flow 
to  be  piped  betwcYH  the  ki  electrode  and  the  grounded 
plate  figure  1  is  a  schematic  diagram  iW  the  plasma 
conlirternent  chamher  I  he  ki  electrode  was  connected 
to  a  KI  pi>wer  geneiator  b>  an  .luiomalic  maiching 
network,  which  guaranteed  maximuin  transmuted  ki 
power  to  the  plasma  I  he  ki  power  generator  could  be 
modulated  by  a  square  wave  sign.d  with  dillereni  Ire 
qucncics  and  pt'rn.Kls  of  dutv  cwle 

bxpcnmenl  A  studied  gas  tK>w  tale  efTcvis  Silicon 
powder  was  synthesised  inside  the  reacliu  al  Ml  C  anil 
the  silane  (low  rate  was  sarkd  from  'v  lu  al 

0,1  H/  modulation  frequency  of  hi  power  1  he  other 
plasma  coniiiiions  for  thc*se  exiHriincnis  were  kept  eon 
Stan'  6S  Pa  pressure,  and  2lK)m'\  cm  ki  power 
density 

f'xpcrimcni  B  studied  s<.rvsM  frequencx  eflcvis  In  this 
experiment  the  silane  plasma  was  modulatcil  al  (rcqiiciv 
cies  ranging  Iroin  Ol)s  ti>  KM)  M/,  using  a  M)‘*oduiy  cycle 


of  SOW M  Rt  power  at  15  seem  SiH^  gas  How  rate.  As  in 
experiment  A.  the  other  plasma  conditions  for  these 
experiments  were  kept  constant;  30  C'  temperature. 
65  Pa  pressure,  and  200  mW  cm  ‘  Rt  power  density. 

The  total  lime  for  discharge  processes  (considering 
only  the  plasma  on  periods)  was  15  mm.  Powder 
samples  were  collected  using  glass  slides  placed  horizon¬ 
tally  on  the  reactor  chaml>cr. 

The  reactor  chamber  was  provided  with  a  quadrupo- 
lar  mass  spt?c!romcier  (<.;ms)  (fhden  HAL  PMSjOO)  to 
identify  the  neutral  and  loni/ed  species  of  the  plasma 
from  0  to  .M)0  amu  I  he  micrographs  obtained  by  ri  M 
provide  an  cslimate  of  panicle  si/e  of  the  silicon  powder 
I  M].  lo  tx’rforni  the  thermal  desorption  spectrometry 
I  n>s)  of  hydrogen  we  used  an  experimental  set-up  [15] 
compi>sed  of  a  vacuum  chamber  ( 10  hPa  pressure),  a 
mass  spcctriuneier  lo  quantify  ihe  desorl>ed  hydrogen 
How.  and  a  luinacc  with  a  thermocouple  monitored  by 
a  computer  generating  a  linear  temperature  ramp  of 
20  (■  mm  '.  in  a  iemt>erature  range  from  room  icm- 
pcraiurc  ti>  KMM)  (‘  I  he  infrared  spectrctscopie  analysis 
pt>wders  was  carneii  out  by  a  last  f  ourier  infrared 
spcdfophoioineier  Nio'let  5/I)\  it  IK.  which  provides 
Ihe  characicnstic  absorpiion  peaks  corresponding  to  the 
iliffereni  bands  picsent  in  the  silicon  powder. 


3.  Results  and  discussion 


ill  recent  years  we  have  studied  the  elTeci  of  pressure  on 
amorphous  silicsoi  thm  films  (16),  and  have  seen  that 
ihcif  ctvmpaciness  i related  ti>  Ihe  maximum  i>f  the  im¬ 
aginary  part  i»l  the  elTeclive  dielectric  fumiion 
determined  by  ellipsomelrv )  (17)  decreases  as  pressure 
iiKTcasCs.  as  shown  m  liguie  2  W'.‘  also  studied  the 
cfTecls  I'l  Ki  power  on  ihe  umipactncss  of  a  Si  H  thm 
films  I  jH]  and  observeii  an  increase  in  poiosUy  with  kl 
power  I  his  elUxi  is  mi»re  signilicani  at  very  low  sqwm 
Irequcncics  as  shown  in  figure  V  I  urihermore.  the 
highly  porous  material  deposited  al  high  K)  power  and 
higli  pressure,  in  the  I’H  M)  range,  hexomes  silicon 
powder  Wiien  we  |x‘rit)rm  the  ilenosiiion  process  at 
rtuun  temjvralure 

I  igiircs  4(iii  and  4(M  slum  ao  ev.miple  of  Ihe  mass 
spectra  corfespt^mling  to  neuiral  and  posiltvc  urns  from 
a  pure  sihmc  ki  plasma  In  order  to  oplimi/e  the 
delcciion.  the  coruliiions  ol  the  plasma  were  set  lo  HOW 
HI  p<*wer  nu»dulaled  by  u  square  signal  of  1000  H/ 
fiequenw  and  duly  cycle.  10  l*a  toial  pressure. 

ISsvcrn  pure  silane  How  rale  and  roi>ni  temperature 
Ihe  nctitral  lr..ginentalion  sjx.virum  (ligurc  4(u))  shows 
the  ivaks  corresponding  to  silane,  disilane  and  trisdanc 
present  in  llie  plasma  1  iguie  4t/>)  sfiows  the  positive  ion 
spccirimi  characten/ed  b\  ‘he  presence  of  Si^HJ  ions, 
from  monosHaiic  to  hexasd.ine  (i  I  6)  Ihe  other 
mass  signals  located  between  sil.ine  peaks  are  probably 
iijf*  l<»  the  presence  id  hydrocarbidi’  sonlaininanis  .md 
other  minor  spcxies.  die  heights  of  winch  are  always 
lower  than  l**i.  of  rnain  {x*aks 
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Figure  1.  Gchomalic  diagram  ot  the  plasma  conlinemeni  chamber,  which  has  a 
parallel-epipedic  ueometrv  The  mass  spectrometer  head  that  analyses  the  species 
present  in  the  plasma  is  also  shown 


IDS  results  ITu  hath  c\(HTiincnts  A  and  B  show 
fuiidaincntal  dilTcrences  between  a  Si  H  films  [IS)  and 
powders:  in  a  Si  (1  lilnis  the  sironitiy  bonded  hydrogen 
IS  dominant  and  the  main  peak  is  at  WK)  whereas  in 
a-Si:  II  powders  the  masimum  desorption  is  eentrcil  at 
S.SO  (',  indieaiing  that  the  weakly  hondeil  hydro¬ 
gen  presails  against  the  strongly  bonded  hydrogen 


"'ll  10  :.'n  :i(i  in  'iit 

I'l  i-sMii  (•  I  r.i  I 

Figure  2.  Dependence  on  gas  pressure  of  the  maximum  of 
the  etieclive  dioleciric  lurxdion  (determined  by  oliipsomelry) 
ol  a-Si  H  thin  films  deposited  from  silane  plasma  T he 
deposition  conditions  were  ?0  W  nr  power,  300  C  substrate 
temperature,  .30  seem  silane  How  rate 


Another  eaiisc  oT  this  preiloininanee  could  be  lhal  Ihe 
hydrogen  dilTusion  process  del, lying  hydrogen  elTusion 
in  lilms  IS  praeiieally  insigniheanl  in  Si  powders  due  to 
iheit  larger  surface  bulk  ratio  We  proposed  a  value  of 
,fO"c.  hydrogen  conleni,  ciirresponding  to  lilnis  wilh  very 
high  hydrogen  conleni.  ,is  the  low  limn  for  loial  hydro¬ 
gen  content  (bonded  and  molecular  hydiogen)  for  hy¬ 
drogenated  silicon  powders  ('d)  In  ligure  S  we  show 
Ihe  normali/ed  hydrogen  tns  results  for  several  samples 
of  silicon  powders  prepared  al  seyWM  frcipiencies  in  Ihc 
range  Ofl.S  lo  40  11/  We  altribulc  Ihe  weak  dependence 
of  lUs  characlerislies  on  vjwM  frequency  to  Ihe  insignili- 
eanl  varialion  ol  dilfusion  of  hydrogen  between  different 
powders,  as  compaicd  lo  that  of  lilms.  and  furthermore, 
li>  Ihe  similar  wide  panicle  si/e  dislnhuliou.  from  10  lo 
30f)niii.  lhal  powoet  shows  at  different  process  tondi- 
pons  I  IT)  Ihis  IS  shown  by  ii  M  micrographs,  from 
which  two  predominaiii  si/e  distribulions  appeared  (the 
smaller  one  about  TOnin  in  dia  neiei  and  Ihe  larger 
between  HO  and  IMInml  irres|X'ctive  of  the  process 
parameters 

We  performed  ihc  mc  isuremcnls  of  panicle  si/e  by 
evaluating  the  diamelei  of  the  largest  and  the  smallest 
particle  in  every  micrograph  In  figure  h  we  show  the 
diameter  of  Ihe  smallest  pariirli's  .igain.t  flow  lale  In 
spite  ol  the  dispersion  of  the  measurements,  particle  si/c 
increases  linearly  wiih  gas  How  late  In  contrast,  the  si,'e 
of  the  largest  panicles  (KOnin  to  IsOnm)  appears  to  be 
independent  of  the  gas  How  rale  except  for  the  lovcesi 
gas  How  rate,  al  which  ihc  lioger  powder  particles  are 
praeiieally  non-e.isteni 
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Figure  3.  rf  power  effects  in  for  a-Si :  H  thin  films 
deposited  from  silane  plasnia  at  a  substraie  temperature  of 
300  C,  at  two  SQWM  freqi'tncies  (2  Hz  and  4"T Hz)  ai.d 
using  a  duty  cycle  of  75%.  The  silane  How  rate  and  he 
pressure  were  kept  at  30  seem  and  at  30  Pa  respectively. 


Figure  6  also  shows  the  continuous  decrease  in  the 
density  of  powder  particles  when  the  gas  flow  rate 
increases.  This  phenomenon  may  be  attributed  either  to 
the  reduction  of  powder  particle  yield  as  a  consequence 
of  the  decrease  in  residence  time  of  the  particles  inside 
the  plasma,  or  to  an  increase  in  the  dragging  effect  of  the 
flowing  gas  which  reduces  the  number  of  powder  par¬ 
ticles  deposited  on  the  tem  grid. 

We  studied  the  microstructurc  of  silicon  powders 
using  rriR  spectroscopy  on  two  series  obtained  at 
dilfcrciit  gas  flow  rates  and  at  different  Sqwm  frequencies 
(experiments  A  and  B).  In  outline,  IR  spectra  revealed 
extensive  hydrogenation  of  the  silicon  powder  and  the 
dominant  absorption  corresponding  to  hydrogen 
bonded  to  polymeric  chains  or  to  silicon  on  the  particle 
surface  [20], 

We  focused  the  analysis  on  the  evolution  of  the 
strelching  IR  absorption  band  (20(X)  2150cm  ').  Wc 
dividi.d  this  band  into  three  Gaussian  peaks  correspond¬ 
ing  to  the  following,  (i)  SiH  bonds  inside  the  bulk  of  the 


Sj,H, 
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Flgiita  4.  Fragmentation  QMS  spectra  of  (a)  neutrals  and  (b)  ions  of  a  pure 
silane  rf  plasma.  The  conditions  of  the  process  were;  80  W  rf  power 
modulated  by  a  1 000  Hz  sowm  frequency  at  50%  duty  cycle,  1 0  Pa  total 
pressure,  1 5  seem  pure  silane  flow  ra's,  and  room  temperature. 
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Figure  5.  Normalized  hydrogen  thermal  desorption  spectra 
corresponding  to  silicon  powders  grown  at  ditterent  sqwm 
frequencies.  The  deposition  conditions  were  50%  duty  cycle. 
15  seem  silane  (low  rate,  65  Pa  pressure  and  SOW  rf 
power. 

particle  (located  between  2020  and  2060  cm  ').  The 
variation  of  peak  position  is  due  to  the  dilTcrent  density 
of  the  material  surrounding  the  SiH  bond,  which  pro¬ 
duces  a  shift  from  2000  cm’ '  for  a-Si :  H  films  to  2186 
cm  '  for  a  pure  silane  gas  [21].  (ii)  Absorption  of  SiH 
bonds  on  the  particle  surface,  SiH,,  and  (SiH^),  (al 
2090  2100  cm’ ').  (iii)  The  peak  generally  attributed  to 
the  SiH,  group  (centred  at  2140  cm  ').  The  Gaussian 
areas,  /t,.  and  /I.,  respectively,  were  normalized  to 
the  total  area  of  the  stretching  band. 

For  experiment  A,  figure  7  displays  the  relative 
concentration  of  the  three  different  stretching  contribu¬ 
tions  to  the  absorption  against  the  residence  lime  in  the 
range  from  i  to  l5s.  Wiitrt  ,lic  .csidence  i:mo  inc'cs'iscs 
the  2030em’'  peak  is  enhanced  while  2090  and 
2140cm' '  peaks  decrease. 

For  experiment  B,  figure  8  shows  the  relative  conccn- 


resid'-nr-e  time  (s) 

Figure  7.  Relative  absorption  of  [2030],  [2090]  and  [2140] 
peaks,  corresponding  to  Si  H  stretching  modes,  against  the 
residence  time. 


tralion  of  the  SiH.  SiH,  and  SiH,  bonds  against  the 
SOWN!  time  period  in  the  range  fn  m  1.0  to  20.0  s. 

The  evolution  of  the  three  conlribulioris  has  a  strong 
correlation  to  those  shown  in  figure  7.  This  result 
confirms  that  (he  main  effecT  of  sqwm  for  low  frequencies 
is  due  to  the  control  on  the  residence  time  (the  sowm 
semi-period  7s,;„w2  determines  the  lime  the  particles 
are  confined  within  the  plasma  on'  events). 

Therefore,  the  elfcci  on  the  microstruclural  charac¬ 
teristics  of  power  square  wave  modulation  al  low  fre¬ 
quencies  comes  from  the  control  of  residence  time.  This 
microsirutiuial  dependence  denotes  that  short  residence 
limes  cause  highly  polymeric  powders,  with  a  rich 
mit'rostrectnre,  wh'le  with  longer  residence  lime  the 
particles  become  more  compact.  T  n, .  ,).henomenon  sug¬ 
gests  the  following  growth  mechanism  of  silicc  '  powder 
inside  the  plasma;  initially,  small  particles  appear  as  a 


flow  rate  (sc<'in)  ^ 

jnn  pi’niKj  Ilf  pln-irnu  (?  • 


Figure  6.  EHisct  of  the  gas  (low  rate  on  the  particle  diameters 

and  .‘heir  dispssrsion  corresponding  to  the  population  of  the  Figure  B,  Representation  of  the  relative  cooceiituitio a  of 

smallest  particles  determined  by  tem  analysis.  Dependence  different  Si  H  bonds,  calculated  from  the  iR  absorption  band, 

of  the  ratio  between  the  surface  covered  by  powder  (Sp)  and  and  corresponding  to  the  stretching  vibration  modes,  agamsi 
the  total  micrograph  surface  (S.)  against  gas  flow  rate,  the  Rf  power  sqwm  period  tot  silicon  powder 
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consequence  of  polymeriitation;  as  the  residence  time  of 
the  particles  inside  the  plasma  increases,  crosslinking 
between  polymeric  .nains  is  favoured  and  consequently 
the  powder  particles  become  more  compact. 

In  order  to  obtain  further  microstructural  informa¬ 
tion  of  FTIR  spectra,  a  random  bonding  theory  [22]  was 
used  to  model  the  silicon  hydrogen  bonding  arrange¬ 
ment  (Si„  H  Sij,  H,  Si,,  H,  Si)  statistics.  If  s  is  the 
probability  of  a  Si  atom  filling  one  of  the  four  available 
.'i  sites,  and  h  the  same  probability  for  a  H  atom,  the 
P’  jbability  of  the  four  sites  being  occupied  by  cither  H 
or  Si  atoms  is: 


P  =  {s+bf  (1) 

which  must  equal  one  by  definition,  because  /?  =  1  -  s 
(assuming  a  small  number  of  dangling  bonds).  T  his 
probability  function  is  affected  by  the  fact  that  the 
possibility  of  hydrogen  occupying  the  four  possible  sites 
cannot  be  considered.  1'hcn,  developing: 

s*  f  6,s'y)‘  +  4dr'  ^  /*,  t  /*.  ‘  f\~  I 

(2) 

where  is  the  probability  of  the  Si  S14  ,  bond 
arrangements,  and  P{s,h)--\.  We  can  express  these 
terms  as  a  function  of  the  hydrogen  percentage  of  the 
sample  ('„  defined  by: 


rr ' 


A 


I  1(1  too 

SQWM  (I!z) 

Figure  9.  Dependences  of  hydrogen  content  C„  and  >  factor 
determined  by  FTin  analysis  ag:.  ■'St  sowm  frequency. 


•inkage.  We  have  pointed  out  the  dominant  presence  of 
hyalrogtn  t  .u'faces  (external  ai'd  voids), 

This  circumstance  emphasises  the  probable  high  rea‘’hv' 
it\  of  the  grain  surface,  and  hence  the  degree  of  inter* 
gram  linkage 


4.  Conclusions 


-  (\tih  +  s|  (4) 

If  the  absorptions  of  Sdl.  SiHj.  and  Sdl,  were 
directly  assigned  u>  the  abst>rption  area^  -I,.  1,.  1, 
delined  above,  one  might  ha\c  expected  these  1,  li>  be 
proportional  to  the  values  /'•  -  (1  However, 

from  equation  (2).  the  maximam  value  corresponding  to 
P2  (1  -Po)  IS  0.4,  and  (he  corresponding  are.i  I  ,  in  all 
experimental  cases  is  0  6,  I  his  confirms  the  existence  of 
an  additional  absorption  in  the  peak  cenircil  at 
.eiiHici’  .  auiioiiicci  i<'  iit  il.,  .‘.v.:.£.  ..  ,  h'.*' 
lalors  such  as  Si  II  oscillators  [2.^  2>  \  K»ca!i/ed  tm  the 
surface.  We  have  considered  ihal  a  fraction  2  of  Si  H 
oscillators  coiiiribules  to  the  2 100 cm  ‘  (x*ak  t  luler 
these  considerations,  the  application  of  the  above  statis¬ 
tical  model  to  the  senes  I'f  samples  obtained  at  ditVerent 
s<jWM  frequencies  leads  10  the  delcrniinaiiim  t»t  the 
dependences  of  1  and  (  [M]  ((Si|  r  [H))  shown  in 

figure  ^ 

One  of  the  most  important  struciufal  chafaclerisiics 
i»f  piiwdcrs  could  be  expressed  through  the  volume 
surface  ratio,  which  can  bi*  estimated  from  the  balance 
ol  P^  pn»babiliiies  and  (he  3  faciiir  If  we  ci>ns»der  the 
addition  P^  r  /*.  t  yp^  correspoixlmg  tc»  Si  Si  Hj 
and  Si  11  Kinds  localized  on  (he  surface,  and  the 
addition  /*,,  tH  3)  /*,  associated  with  volume,  the 
resulting  volume  surface  ratio  diminishes  with  increas 
ing  ‘QW  M  frequency,  which  corroboi.dcs  previous  results 
of  major  compactness  of  silicon  powders  associated  with 
long  residential  times  as  a  c«  nsequence  of  plasma  ii»n 
Kunhardmcrti  ( I  -V) 

1  mall),  TtM  micrograplts  show  some  degree  of  siruc 
lure  id  the  silicon  powder  characterized  b>  intergrain 


Hydrogenated  silicon  powder  has  been  >'l  i.one-l 
means  of  square-wave  modul.ited  ki  pure  alane  |»laMn  1. 
<;Ms  analysis  of  sr^w  si  plasma  ( !(HM)  Hz)  ol  silaoc  levi  a!' 
the  dominant  presence  of  SiH’  and  SiH.’  and  the 
existence  of  polyolane  positive  ions  SiJI,‘  up  to  j 
‘  *  C*)t  t  M  analysis  of  the  inicrosiruclure  of  the  powil*  1 

indiealesa  disjx.‘rsu)n  of  parliiie  size  characterize.!  O;.  ivvo 
dilfcrent  populations  of  particles  (KO  IMfnm  and  10 
^t)  nm  particle  size!,  showing  dependence  on  the  sihine 
'V  rate  .in  <  hi  ncc.  on  ihe  residem’  •  time  I resu'n.  of 
thermal  '.Icsorpiion  spectiomeiry  of  hydrogen  sJiow  the 
luiulanuniai  difTerences  between  the  concentiations  of 
hvil'ogen  weakly  aiiu  siumgl;,  bi  uded  tn  ulicon  powders 
as  cv'inpared  to  amorphous  silicon  lilms,  demonstrating 
the  insignilicani  hydrogen  dilTusum  process  .is  compared 
with  the  surface  hydrogen  desorption  process  on  silicon 
powders  (due  to  a  larger  surface  volume  ratio)  I  In* 
infrared  absorption  peaks  have  been  identified,  indicating 
the  polymeric  character  i>f  the  powder  and  its  large 
hydrogenation  \  1 IH  analysis  a!,o  >hiias  iiie  miciosiruc- 
lural  charaeierisiics  ol  powders  through  their  surface 
volume  ratio  Ihe  applicatum  of  a  raialiun  honding 
model  to  the  ik  results  .igrees  with  the  interpret. ition  of  the 
.«dditional  contribution  o)  Sill  bonds  to  the  .ibsorptum 
|x*ak  centered  at  2()‘)t)  2|iH)cm  '  1  his  iiuhIcI  .iIIows  rs 
U»dcline  a  taclor  3  directly  rel.iieil  to  ihe  volume  surf.ice 
iatii>  I  inally,  the  results  ol  sliulying  the  inlluence  of  the 
resulence  tune  of  particles  insule  the  plasma  (iho)ugh 
both  flow  fate  .md  plasma  nii>dula;nm)  on  the  micro 
sti  ucture  t  d  the  silicon  powdei  suggest  its  grow t ft  mechan¬ 
ism.  which  consists  I  I'oUnurn  step  .uul  a  l.iti'r 
ciunpactioi.  due  to  ion  homb.udment  inside  the  |>i.i  ina 
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Abstract.  The  effects  of  particles  on  helium-diluted  silane  nr  discharger 
are  studied  using  a  power  modulation  method  for  various  values  of  relevant 
parameters.  Compared  with  cw  discharge  cases,  close  correlation  Is  clearly  found 
between  the  particle  growth,  the  self-bias  voltage  and  the  phase  shift  between  the 
current  and  voltage  of  the  hf  discharge.  Total  particle  number  and  optical  emission 
intensity  in  the  bulk  plasma  region  increase  monotonically  after  hf  power-on.  With 
these  increases,  the  magnitude  ol  self-bias  voltage  and  the  current-voltage  phase 
shift  decrease  considerably  to  their  minimum  values  and  then  slightly  increase 
to  their  quasi-steady  values.  The  decreases  can  be  explained  by  the  fact  that 
particles  in  plasmas  behave  as  very  heavy  negative  Ions.  The  increases  may 
be  related  to  the  increase  in  the  diffusion  rate  ol  electrons.  It  is  also  confirmed 
through  this  study  that  the  modulation  is  very  effective  In  the  suppression  of 
particle  growth.  In  particular,  for  a  duty  cycle  of  20%,  the  discharge  parameters 
are  close  to  those  for  a  pure  He  discharge.  This  tendency  Is  consistent  with  the 
result  that  no  particles  can  be  obsenred  for  this  duty  cycle. 


1.  Introduction 

Recently,  there  ha.s  been  intense  interest  in  plasmas 
which  contain  particles.  Particles  in  a  .ize  range  I'rom 
nanometers  to  micrometers  become  electrically  charged 
in  plasmas  and  may  alter  di.scharge  properties.  Up  to 
now,  .some  studies  have  been  carried  out  concerning  the 
effects  of  particles  on  the  discharge  properties.  Jellum  r-r 
al  1 1 1  have  shown,  using  steady  state  CW  IF  discharges, 
that  for  a  constant  RF  power  di.scharge  with  particles,  the 
current,  the  voltage  and  their  phase  shift  decrease,  and 
the  optical  emission  intensity  increases.  These  discharge 
properties  are  similar  to  those  assiKiated  with  discharges 
in  electronegative  ga.ses.  Bouchoulc  e:  at  and  Howling 
el  at  |2,  .1]  have  measured  time  evolutions  of  current- 
voltage  pha.se  shift  and  rellccted  power  in  RF  discharges 
and  have  shown  that  the  presence  of  particles  makes 
a  discharge  impedance  more  resistive.  In  their  cases, 
the  chaiige  in  such  impedances  arises  before  particles 
begin  to  be  observed  by  light  scattering  methcvls.  and 
hence  the  latter  group  suggests  that  the  change  is  due 
to  invisibly  small  particles.  Bocuf  and  Bclenguer  and 
Belenguer  et  at  |4,  .5)  bavc  analysed  a  transition  from 
a  capacitiv,  to  a  resistive  regime  in  an  RF  di.scharge 
using  .self-consistent  fluid  and  particle-in  cell  simulation 
models  and  have  suggested  a  possible  relation  between 
the  transition  and  particle  formation. 

We  have  studied  the  growth  kinetics  and  behas  iour  of 
particles  in  power-modulated  RF  silane  (SiH.,)  discharges 
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using  two  kinds  of  laser  light  scattering  (l.I,.S),  a 
Langmuir  probe,  an  emissive  probe  and  an  absorption 
method  |6-I4).  .Such  studies  have  revealed  many 
features,  including  that  the  modulation  brings  about  a 
dra,slic  decrease  in  the  particle  amount.  This  drastic 
decrease  is  c.specled  to  lead  to  di.scharge  properties 
similar  to  those  associated  with  pristine  discharges  of 
electropo.sitivc  gases. 

Despite  previous  studies,  the  relationships  between 
the  particle  growth  and  the  discharge  parameters  have 
not  been  fully  understood.  To  understand  these  better, 
the  relationships  between  particle  growth  and  both  the 
self-bias  voltage  and  the  current-voltage  phase  shift  in 
the  RF  discharges  must  be  investigated  for  various  values 
of  parameters  such  as  pressure  (SiH|  concentration), 
RF  power  and  duty  cycle  of  the  modulation.  In  this 
paper,  we  present  these  experimental  results,  and  based 
on  these,  mechanisms  by  which  particles  affect  the 
uischarge  parameters  are  discussed. 

2.  Experimental 

The  experiments  were  performed  in  a  conventional 
parallel  plate  reactor  |9].  Plane  electrodes  of  iO  cm 
diameter  were  placed  at  a  .separation  of  4.T  cm.  The 
particle  growth  was  observed  using  the  t.I,.s  method, 
which  gives  the  lime  evolution  of  a  two  dimensional 
U..S  intensity  ptolile  described  in  detail  elsewhere  |9| 
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Optical  emission  profiles  were  detected  using  an  image 
intensified  CCD  camera  equipped  with  an  interference 
filter.  The  RF  voltage  and  current  were  measured  using 
a  high  voltage  probe  (Tektronix  P60I5)  and  an  AC 
current  probe  (Iwatsu  CP- 502)  respectively.  Their  phase 
shift  6  is  defined  by  cosO  =  2(P)/ Puf/rf.  where  (P), 
Vrf  and  /rf  are  the  averaged  power  dissipated  and 
amplitudes  of  the  voltage  and  current  respectively.  In 
these  experiments,  an  RF  power  of  20-40  W  was  applied 
during  an  RF  power-on  period  T„„  =  4  i  at  intervals  of 
an  RF  power-off  period  Toi,  >  60  s.  The  gas  used  was 
0-5%  SiHt  diluted  with  He. 


3.  Results 

Since  the  electric  field  is  closely  correlated  with  the 
behaviour  of  negatively  charged  particles  in  an  RF 
discharge  containing  particles,  the  spatial  profile  of  the 
number  of  particles  should  be  greatly  affected  by  the 
self-bias  voltage  and  vice  versa  From  this  viewpoint, 
the  magnitude  of  self-bias  voltage  Vix  in  a  quasi  steady 
state  was  measured  for  various  SiH4  concentrations. 
With  increasing  the  concentration  from  0  to  5%,  Uix 
decreased  from  1 10  to  25  V  tor  an  RF  power  of  20  W 
(not  shown  here).  The.se  results  suggest  that  Utx.  changes 
with  time  after  RF  power-on  in  power-modulated  RF 
SiH4  discharges  for  which  the  panicle  amount  evolves 
considerably  with  lime. 

To  confirm  this  suggestion,  time  evolutions  of 
panicle  amount  and  electrical  discharge  parameter  values 
were  mcasumd.  Figures  1(«)  and  (/;)  show  time 
cvoluliohs  of  RF  di.scharge  voltage  Urf.  current  /rf, 
RF  power  P  and  power  factor  cos  ft  for  pure  He  and 
Hc+SiH4  (S'?!’)  discharges  respectively.  For  the  pure 
He  discharge,  all  these  electtical  discharge  parameters 
keep  up  constant  values  during  7i,„.  Conversely,  for  the 
Hc-rSiH4  (5% )  di.scharge,  they  change  with  time  until 
about  1 .5  s  aftci  Rl-  power-on.  and  after  that  they  attain 
their  quasi-steady  values. 

Since  the  number  of  particles  depends  on  parameters 
such  as  RF  power,  pressure  and  duty  cycle,  correlations 
were  investigated  varying  these  parameters.  Figures  2 
and  3  show  time  evolutions  of  L1„S  intensities  integrated 
over  the  discharge  space  (total  particle  amount),  Fix  and 
costt  as  functions  of  RF  power  and  pressure.  For  all 
Rl  power  and  pressure  ca.ses,  total  number  of  particles 
monotonically  increases  with  lime  during  7.,„,  With  this 
increase.  »  and  V'lx  al  first  lend  to  decrease  considerably 
to  their  minimum  values  and  then  tend  to  increase 
slightly  to  their  quasi  steady  values.  One  can  .see  that, 
with  the  increases  in  RF  pttwer  and  pressure,  the  particle 
amount  increa.ses  rapidly  with  time  and.  corres  riding 
to  this  increa.se,  cosd  and  Fx  change  "jickly  with  time. 

Figure  4  shows  the  dependence  of  time  evolutions 
of  the  total  particle  amount,  V'lx  ^nd  cost'  on  the  duly 
cycle  /).  In  the  figure,  time  evolutions  of  V',,  and  eosO 
for  pure  He  f'W  discharges  arc  also  shown.  It  can  be 
seen  that  V'lx,  decreases  and  cost'  increases  with  time 
after  RF  power-on  f.tr  /)  '  6(1';!,  in  which  ca.ses  the 


He  He-FSiH4(5%) 


Figure  1.  Time  evolutions  of  rf  discharge  voltage  V^f,  rf 
discharge  current  /rf,  rf  power  P  and  power  factor  cosF 
for  pure  Fie  and  Fle-rSiFIx  (5%)  discharges.  D  -  100%, 
Ton  =  4  s,  40  W,  30  seem,  80  Pa. 


Figure  2.  Time  evolutions  of  rts  intensity  integrated  over 
discharge  space,  magnitude  of  self-bias  voltage  Vne  and 
power  factor  cos«  as  a  parameter  of  rf  power.  D  -  100%, 
T„  -  4  s,  Fle+SiFlj  (5%),  30  seem,  80  Pa 

number  of  particles  is  large.  These  general  tendencies 
are  similar  to  those  m  tigures  2  end  f  On  the  other  hand 
they  keep  almost  eonslani  values  lor  I)  <  4I)‘{ .  From 
ligures  2  4  one  can  sec  that  V'lx  and  "  aflei  RF  power- 
on  decreases  with  ihe  increase  in  Ihc  particle  amounl. 
Tf.c  eharaelerislic  lime  of  ucciease  in  V'lx  and  H  is  of 
Ihe  order  of  a  second.  This  very  long  charaeleristic 
t'liie  corresponds  to  the  appearance  time  ot  particles, 
Fealures  shown  in  figures  2  4  indieale  that  ihe  presence 
of  particles  firstly  reduces  V|x  a'  I  (I.  and  then  increases 
them  to  quasi  steady  values.  These  results  are  consislcni 
with  those  reported  before  |2|  On  llie  other  hand,  the 
di.scharge  pararnelcis  foi  /)  20'/!  are  close  to  those  for 


356 


Effects  of  pariicles  on  rf  discharges 


Figure  3.  Time  evolutions  of  u.s  intensity  integrated  over 
discharge  space,  magnitude  of  self-bias  voltage  Ubc  and 
power  factor  cos0  as  a  parameter  of  pressure.  D  -  t00%, 
T^  =  4s,40\N.  He+SiHj  (5%),  30  seen: 


Figure  4.  Time  evolutions  of  as  intensity  integrated 
over  discharge  space,  magnitude  of  self-bias  vo'.'nge 
Vdc  and  power  factor  costf  as  a  parameter  of  duty  cycle 
O.  Tj„  =  4  s,  40  W,  He-rSiH4  (5%),  30  seem,  80  Pa 
No  particles  were  observed  for  0  :=  20%  and  pure  Me 
D  =  t00%  discharges. 

a  pure  He  discharge.  This  tendency  is  consistent  with 
the  result  that  no  particles  can  be  observed  lor  this  case. 

The  optical  emission  intensity  in  the  bulk  plasma 
region  is  considered  to  be  higher  for  a  more  resistive 
discharge.  To  confirm  this  tendency,  spatial  resolved 
inten.sity  profiles  of  SiH  413,5  nm  optical  emission  were 
measured.  The  typical  results  are  shown  in  figure  5.  As 
expected,  the  intensities  increase  especially  in  the  bulk 
plasma  region  with  time,  that  is,  with  the  increase  in  the 
total  particle  amount. 


Figure  S.  Intensity  profiles  of  SiH  413.5  nm  optical 
emission  for  f  =  0.5,  1.0,  1,5  s.  D  =  100%,  Ton  =  4  s, 

40  W,  He+SiH4  (5%),  30  seem,  80  Pa. 

4.  Discussion 

Firstly,  we  shall  discuss  that  the  particle  species 
responsible  for  the  changes  in  electrical  discharge 
parameters  shown  in  the  last  section  are  negatively 
charged  particles  grown  in  the  plasma.  Main  charged 
species  in  SiHt  RF  discharges  are  considered  to  be 
cicctroiis,  positive  ions  such  as  SiH^  and  negative 
ions  such  as  SiH,"  and  negatively  charged  particles, 
in  general,  the  parameters  6  and  foe  arc  expected 
to  decrca.se  for  electronegative  gas  plasmas  containing 
negative  ions  for  the  following  reasons:  negative  ions 
act  as  loss  centres  of  electrons  and  their  momentum, 
inducing  a  large  increase  in  the  electric  field  in  the 
bulk  plasma  region  and  the  presence  of  negative  ions 
brings  about  a  decrease  in  the  electron  current  flowing 
into  electrodes.  This  trend  can  be  seen  in  the  early 
phase  until  about  I  s  after  RF  power-on  in  figures  2-4. 
Further,  all  our  results  described  in  this  paper  show  that 
the  time  evolutions  of  the  electrical  parameters  always 
correlate  well  with  that  of  particle  amount.  Hence 
one  can  conclude  that  particles  grown  in  the  plasma 
dominantly  affect  the  time  evolutions  of  the  electiical 
parameters.  This  conclusion  is  consistent  with  those  of 
previous  reports  [1-5|, 

Next  we  shall  discuss  the  mechanisms  by  which 
particles  of  interest  affect  cos 6  and  Vdc.  With  the 
incrca.se  in  particle  amount,  the  optical  emission  intensity 
in  the  bulk  plasma  region  increases  considerably,  as 
shown  in  figure  5.  This  increase  in  the  intensity  indicates 
that  the  power  dissipated  in  the  bulk  plasma  mcreases 
with  the  particle  amount,  because  the  charged  particles 
act  as  loss  centres  of  electrons  .-.nd  their  momentum  in 
the  plasuia.  We  have  measuied  the  plasma  potential 
profile  with  an  emissive  probe  and  shown  that  the  electric 
field  in  the  bulk  plasma  increases  considerably  with 
the  particle  amount  (14).  All  these  facts  show  that 
the  pre.sence  of  particles  brings  about  a  more  resistive 
discharge,  leading  to  an  increase  in  cos6.  Further,  the 
increase  in  density  of  negatively  charged  particles  brings 
about  a  decrease  in  electron  density  which  causes  a 
decrease  in  Vd,-. 


357 


Yukk)  Watanabe  et  al 


10^  f 


10'  - - - - . - . - 

10-3  10-‘  10'  103 

n./n^ 

Figure  6.  Dependence  of  ambipolar  diffusion  coefficients  of 
electrons  D,,,  positive  D,^  and  negative  Ions  O.  on  ratio 
of  negative  ion  to  electron  density  n  /n,  for  T,  -  3  eV, 

T,  =  T  =  0.03  eV,  —  M.  =  31  (theory). 

Finally,  wc  shall  suggest  a  possible  mechanism 
which  brings  about  an  increase  in  V'lx-  and  8  after  about 
I  s  as  shown  in  figure  1(f)).  During  the  power- 
on  period,  the  particle  amount  and  the  optical  emission 
intensity  keep  increasing  and  concomitant  optical  sheath 
width  decreases  to  a  quasi-steady  value.  In  spite  of 
monotonical  changes  in  these  parameters,  Vrre  and  8 
firstly  decrease  until  about  I  s  after  the  rf  power-on 
and  then  increase  slightly.  As  one  possible  mechanism 
of  interest,  we  point  out  the  enhancement  of  electron 
diffusion  from  the  periphery  of  the  di.schargc  column 
due  to  the  increase  in  negative  ion  density.  It  is 
known  that  ambipolar  dif  fusion  coefficients  of  electrons, 
positive  ions  and  negative  ions  depend  on  a  ratio  between 
negative  ion  and  electron  densities  n./n,..  These  values 
were  estimated  using  Rogoff's  formulation  |151  for 
electron  temperature  —  .3  cV,  positive  ion  temperature 
T+  —  11.0.3  eV,  negative  ion  temperature  7'.  =  0.03  cV, 
mass  number  of  positive  ions  =  31  and  mass 
number  of  negative  ions  =  31.  In  the  formula, 
the  spatial  density  distributions  of  all  charged  species 
are  assumed  to  have  the  same  shape.  Although  particle 
growth  may  bring  about  some  differeiicc.s  among  their 
shapes,  the  formufs  was  used  for  simplicity.  The  result 
is  shown  in  figure  b  One  can  sec  that  the  diffusion  of 
electrons  increases  dramatically  for  )i_//it  0. 1,  while 

negative  ions  arc  hard  to  diffuse.  Because  negatively 
charged  particle  density  increases  with  time  after  RF 
power-on,  ri  .  /«e  continues  to  increase  and,  in  our  case, 
can  get  to  more  than  0. 1 .  Asa  result,  the  electrons 
tend  to  diffuse  more  freely  from  positive  and  negative 
ions.  This  diffusion  enhancement  can  bring  about  the 
increase  In  the  effective  surface  area  of  the  grounded 
electrode,  which  causes  an  increa.se  in  Fix;  and  also  in 
the  equivalent  capacitance  leading  to  a  decrca.se  in  cosff. 

5.  Conclusions 

Close  correlation  is  clearly  found  between  the  particle 
growth,  the  self-bias  voltage  and  the  pha.se  shift  between 


the  current  and  voltage  of  the  RF  discharge  using 
the  power  modulation  method  for  various  values  of 
parameters  such  as  duty  cycle  of  the  modulation,  RF 
power  and  pressure.  With  the  increase  in  the  particle 
amount,  the  optical  emission  intensity  in  the  bulk  plasma 
region  is  monotonically  enhanced,  and,  on  the  other 
hand,  both  the  self-bias  voltage  and  the  current- voltage 
phase  shift  first  decrease  to  their  minimum  values,  and 
then  increa.se  slightly  to  their  quasi-steady  values.  The 
mechanism  by  which  the  particles  decrease  Vor  and  0 
can  be  explained  by  the  fact  that  negatively  charged 
particles  in  plasmas  behave  as  heavy  negative  ions. 
The  slight  increases  in  Foe  and  0  subsequent  to  such 
decreases  may  be  due  to  the  enhancement  of  electron 
diffusion  caused  by  the  increase  in  the  density  ratio 
between  negative  ions  and  electrons.  It  is  also  confirmed 
through  this  study  that  the  modulation  is  very  effective 
in  suppressing  the  particle  growth.  In  particular,  for  a 
duty  cycle  of  10%,  the  discharge  parameters  are  very 
close  to  those  for  a  pure  He  discharge.  This  tendency  is 
consistent  with  our  experimental  result  that  no  particles 
can  be  observed  for  this  duly  cycle. 
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Abstract,  In  order  to  avoid  particle  contamination  of  substrates  during  the  plasma- 
enhanced  chemical  vapour  deposition  of  amorphous  silicon,  we  have  investigated 
the  dependence  on  temperature  and  gas  flow  conditions  of  the  dynamics  of 
submicrometre  particles  in  discharges  in  silane.  We  report  on  light  scattering 
experiments  in  an  nr-powered  plasma  reactor  with  heatable  parallel  electrodes 
The  motion  and  trapping  of  particles  was  found  to  be  strongly  influenced  by  the 
gas  flow  conditions  and  the  temperature  gradient  in  the  discharge. 

To  understand  this  behaviour  the  equation  of  motion  of  a  particle  was  solved  in 
one  dimension  including  gravitation,  electric  force  on  a  'dressed'  particle,  friction 
force  and  thermophoresis.  The  validity  of  the  friction  force  is  verified  by  observing 
experimentally  the  sinking  of  particles  without  electric  force  after  switching  off  the 
discharge.  Results  for  calculated  particle  positions  and  velocities  as  a  function  of 
time  are  presented  for  the  cases  of  particles  with  radii  of  0.1  and  0.15  /im.  When 
the  discharge  is  on,  the  light  particle  is  trapped  at  the  sheath  boundary.  In  the 
case  of  a  temperature  gradient  (heating  the  lower  electrode  to  80  C)  the  lighter 
particles  are  driven  upward  by  thermophoresis  and  may  be  trapped  at  the  sheath 
edge.  Finally,  a  strong  downward-directed  gas  flow  (feeding  gas  through  the  upper 
electrode)  of  30  cm  s  '  prohibits  the  trapping  of  particles  at  the  lower  sheath 
boundary  in  agreement  with  the  experimental  observation.  Electrode  heating, 
together  with  proper  gas  flow,  is  found  in  our  experiments  to  completely  avoid  the 
trapping  of  particles  in  the  irilerelectrode  space. 


1.  Introduction 

The  dcpiisilion  rale  iil  thin  lilnis  iil' aniorphiiii'i  silicon  la- 
.Si:H)  by  plasina-cnhanccii  chemical  vapour  deposiiion 
(PECVD)  I'rom  SiHj  discharges  is  a  limiting  factor  in 
solar  cell  production.  Many  attempts  have  been  made  to 
increase  the  deposition  rale  by  higher  Kt-  power  densilies 
or  higher  pressures.  In  those  experiments  the  lormalion 
of  tine  powders  in  the  discharge  by  plasma-indueed 
gas-phase  reactions  has  frequently  been  observed  jl- 
5|.  Particles  have  also  been  reported  to  occur  in 
di.schargcs  in  argon  and  nitrogen  |6|.  Mechanisms  (or 
the  initial  stages  of  cluster  formation  have  recently 
been  suggested  |7,K|.  The  atm  of  the  present  work  is 
to  study  experimentally  how  gas  (low  conditions  and 
temperature  gradient  govern  the  trapping  and  fallout  of 
such  particles  tn  Kl-  discharges  between  parallel  plates 
and  to  understand  this  behaviour  by  simplified  theoretical 
modelling. 

The  paper  is  organized  as  follows:  in  section  2  we 
give  a  brief  description  of  the  experimental  set-up  used 
for  plasma  generation  and  the  detection  of  particles  in  the 
gas  and  plasma  phase.  Then  we  discuss  the  forces  acting 
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on  charged  parlicles  in  a  parallel-plate  discharge  and  the 
equation  of  motion  Ihat  has  to  be  solved  numerically.  In 
section  4  we  describe  the  observed  spatial  structure  of 
drscharge  regions  with  high  particle  density  and  discuss 
the  inliuence  ol  electrode  temperatures  and  gas  flow 
conditions  on  their  lormation.  For  each  experiment 
we  discuss  the  theoretical  results  that  were  obtained 
under  similar  conditions  and  the  way  they  may  explain 
the  experimental  observations.  We  also  briefly  report 
on  the  fallout  of  particle  clouds  after  switching  off 
the  di.scharge.  These  experiments  were  reported  more 
extensively  in  a  recent  paper  (91.  Finally  we  summarize 
and  draw  conclusions. 


2.  Experimental  techniques 

2.1.  Plasma  rt-aefor 

The  experiments  were  carried  out  in  a  parallel-plate 
plasma  reactor,  a  schematic  view  of  which  is  shown 
in  figure  I .  .Substrates  consisting  of  Corning  glass 
of  an  area  of  2.5.4  x  25.4  mnr  and  a  thickness  of 
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Figure  1 .  Schematic  view  of  the  parallel-plate  plasma 
reactor  used  for  the  irtvestigations.  The  gas  irtlet  was 
either  through  the  ring  shower  surrounding  the  lower 
electrode  or  through  five  holes  in  the  centre  of  the  upper 
electrode.  Both  electrodes  ware  electrically  heatable  and 
temperature  controlled. 

0.7  mm  were  located  on  the  grounded  lower  electrode 
with  a  diameter  of  1 53  mm.  The  upper  electro^  with 
a  diameter  of  250  mm  was  40  mm  above  the  lower 
one.  It  was  connected  to  a  1 3.56  MHz  generator  via 
an  impedance  matching  network.  The  output  power 
of  the  generator  was  varied  between  1 5  and  80  W  in 
the  forward  direction,  while  the  reflected  power  was 
matched  to  approximately  zero.  Both  electrodes  were 
heatable  to  400  C  by  heater  windings  incorporated  in 
the  electrodes.  The  temperatures  were  measured  by 
thermix-duples  and  controlled  by  a  PID  controller  to  an 
accuracy  of  ±I0  C. 

During  all  the  investigations  the  process  gas  used  was 
pure  SiHi  with  a  standard  flow  rate  of  lO  ml  min"'  al  a 
pressure  of  20  Pa.  The  reactor  was  equipped  with  two 
alternative  gas  inlets:  one  consisted  of  live  holes  in  the 
central  part  of  the  upper  electrode,  the  other  of  a  ring 
shower  surrounding  the  lower  electrode  fsec  figure  I). 
Only  one  inlet  was  used  al  a  time. 


density  N(0.  z)  on  the  reactor  axis.  Laser  light  travelling 
through  the  reactor  to  the  axis  al  different  axial  heights 
z  experiences  on  its  way  different  particle  densities 
as  a  function  of  distance  x  from  the  axis  and  hence 
different  values  of  the  extinction  coefficient  Oc(x.z) 
which  is  proportional  to  the  particle  density  A/(x,  z)  [lOJ. 
According  to  the  Lambert-Beer  law  the  total  extinction 
on  this  passage  in  height  z  is  given  by 

exp^  -  /:  (7t(x,  z)djr^  =  exp  ^  -  A  y  A/(x,z)dx^ 


where  A  is  a  constant  independent  of  position  that 
contains  the  single-particle  extinction  coefficient  and  R, 
is  the  distance  of  the  entrance  window  from  the  axis. 
The  light  scattered  from  particles  on  the  axis  experiences 
a  similar  extinction  on  its  way  to  detection  with  the 
difference  that  light  rays  tilted  somewhat  against  the 
electrode  surfaces  also  contribute  to  the  image.  The  net 
effect  is  that  the  measured  light  intensity  is  a  product  of 
the  particle  density  on  the  axis  and  a  factor  depending 
itself  on  the  axial  particle  density  and  hence  on  z. 
Therefore,  those  axial  regions  with  high  particle  densities 
are  under-represented  in  the  scattered  light  intensity. 
Nevertheless,  as  long  as  particle  densities  are  not  too 
high,  the  main  features  of  the  axial  particle  density  are 
represented  by  the  detected  light.  Two  other  possible 
reasons  for  the  disproportionality  between  intensity  and 
particle  density,  namely  distribution  of  particle  sizes 
and/or  change  of  particle  size  during  sinking  of  particles 
can  be  excluded  [9J. 

The  montx-hromator  was  tuned  to  the  red  HeNc  laser 
wavelength,  to  suppress  plasma-induced  emission.  The 
spatial  resolution  on  the  reactor  axis  was  about  O.l  mm, 
which  was  checked  by  the  imaging  of  black  and  while 
line  patlcms.  The  readout  speed  of  the  camera  for  its 
1024  pixels  was  60  scans/s,  It  could  be  increased  up  to 
250  scan.s/s  with  reduced  scan  width. 


3.  Modelling  of  the  particle  dynamics 


2.2.  Detection  of  scattered  light  from  particles 

The  optical  set-up  used  to  observe  the  light  of  an  HeNc 
laser,  scattered  from  particles  between  the  electrodes, 
is  schematically  shown  in  figure  2,  The  beam  ot  the 
laser  is  shaped  into  a  light  sheet  and  directed  into  the 
intcrelectrode  region  of  the  reactor.  The  .scattered  light 
is  observed  by  a  video  camera.  With  the  help  of  the 
mirror  shown  in  figure  2,  particles  m  various  regions  of 
the  reactor,  particularly  off-axis  regions  at  the  edge,  can 
be  visualized.  Printouts  from  video  tapes  were  made  on 
a  video  printer.  For  the  observation  of  particles  sinking 
to  the  lower  electrode  on  the  reactor  axis,  the  iight  band 
was  directed  through  the  reactor  centre.  The  scattered 
light  was  detected  under  an  angle  of  90"  by  imaging  the 
reactor  axis  onto  the  entrance  slit  of  a  monochromator,  at 
the  exit  slit  of  which  a  diode  array  camera  was  vertically 
mounted. 

The  light  intensities  measured  by  this  scattering 
method  arc  only  approximately  proportional  to  the 
particle  densities.  Consider,  for  example,  the  particle 


3.1.  Forces  acting  on  the  particles 

We  consider  spherical  aerosol  particles  of  radius  R,  mass 
m  and  a  negative  charge  -A/g(/V  »  1),  where  q  is  the 
elementary  charge,  in  a  horizontal  parallel-plate  plasma 
reactor  operating  in  the  continuous-flow  mode.  In  the 
following,  for  simplicity,  DC  discharges  are  treated.  This 
is  equivalent  to  the  case  of  AC  discharges  if  the  frequency 
is  high  enough  so  that  the  particles  will  only  experience 
the  averaged  electric  field.  We  assume  that  the  electric 
field  E  in  the  plasma  points  in  the  (axial)  z  direction,  the 
cathode  plane  being  located  at  z  =  0.  This  geometry  is 
.schematically  shown  in  figure  3.  Both  electrode  sheaths 
are  plotted  equally  wide,  because  the  powered  upper 
electrode  i;i  by  a  factor  2.67  larger  than  the  lower  one. 
On  the  other  hand,  part  of  the  grounded  wall  area  has  to 
be  added  to  the  lower  electrode,  so  that  its  effective  area 
is  similar  to  that  of  the  upper  electrode  leading  to  similar 
sheath  potentials  and  sheath  thicknes.ses.  A  stationary 
flow  field  V(  exists  and  a  temperature  field  T(z)  may  he 
present.  Then  the  forces  deserbed  in  the  following  act 
on  the  particles. 
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Figure  i.  Set-up  used  for  optical  detection  of  particles  in 
the  gas  phase.  Red  light  from  an  HeNe  laser  is  shaped 
into  a  sheet  and  directed  Into  the  plasma.  The  scattered 
light  from  particles  in  the  plasma  is  observed  by  means  of 
either  a  video  camera  or  a  diode  array  camera. 


mass  m,  and  v  is  the  particle  velocity.  For  a  particle 
with  R  =  0.\  /im  at  rest  in  SiFU  (pressure  20  Pa,  gas 
temperature  300  K)  a  force  Ff  =  5.6  x  10''^  (vt  cm  s"') 
N  results.  With  the  gas  inlet  through  the  upper  electrcxle 
the  force  may  thus  range  up  to  10“'*  N  close  to  the  inlet 
holes. 

Comparison  with  Stokes’  friction  force  F,  = 
—6ni]R(v  -  Vf),  valid  for  the  hydrodynamic  case  Xf  <3C 
R.  where  q  is  the  dynamic  viscosity  of  the  gas,  shows 
that  for  low  gas  pressure  an  effective  viscosity  rjcii  may 
be  introduced  by 

16(1  -H  jr/8) 

rterr  =  - —Rp  =  0J9Rp/v,>,.  (3) 

9rru,h 


Figure  3.  Schematic  diagram  showing  a  dressed  particle 
between  the  electrodes  of  an  RF-excited  parallel-plate 
reactor  and  the  coordinate  axis  used  in  the  calculations 

3.1.1.  Gravitation. 


Fg  =  -mge,.  (I) 

For  a  particle  homogeneous  in  mass  density  oc  R' 
holds. 

3.1.2.  Friction.  In  the  pressure  regime  used  for  PECVD 
of  a-Si:H  ranging  from  5  to  50  Pa,  the  mean  free  path 
of  the  SiH4  molecules,  given  by  Xf  =  (A'g'j,)”',  where 
Ng  is  the  silane  density  and  rr,  l.he  total  cro,ss  section 
for  molecular  collisions,  lies  in  the  range  between  0.7 
and  0.07  cm.  Therefore,  for  those  particles  of  practical 
interest  with  diameters  less  than  5  pm.  the  free  molecular 
case  (X,  »  R)  has  to  be  considered.  (For  this  estimation 
we  use  a  hard  sphere  molecular  radius  of  1.91  x  10  "  cm 
and  neglect  that  the  measured  pressure  is  ttniy  partly  due 
to  the  density  Ng  of  gas  molecules  and  partly  to  that 
of  dis.sociation  and  ionization  products  present  in  the 
discharge.)  We  assume  the  friction  force  on  a  particle 
immersed  in  polyatomic  SiH4  to  be  identical  to  that 
acting  in  a  monatomic  gas.  given  in  1 1 1 1 

Fi  =  -  (l  +  “  »’f)  (2) 

3  i)„,  V  8/ 

where  p  =  NgkT  is  the  gas  pressure,  1%  =  ^/Mf  /nnig 
io  the  mean  thermal  velocity  of  the  gas  molecules  with 


3.1.3.  Thermophoresis.  Experimental  evidence  for  the 
importance  of  the  thermophoretic  force  has  already  been 
given  in  [6).  Again  for  the  limiting  case  Xf  »  R,  in  the 
simplest  approximation  the  thermal  force  on  a  spherical 
particle  is  given  by  |I2J 


F,  =  -kVT 


32R^k\ 

15i),h 


(4) 


where  XJ  is  the  translational  part  of  the  heat  conductivity 
of  the  gas.  In  a  hard  sphere  model  with  mocicular  radius 
ro,  K  is  given  by 


K 


(5) 


and  the  thermophoretic  force  is  thus  proportional  to 
R^.  For  a  particle  with  /?  =  ().!  p.m  in  SiHi  (r,)  = 
1.91  X 10“"  cm)  the  factor  k  is  given  by  5.3x  10“"'  J  K“' . 
More  general  formulae  for  the  thermal  force  may  be 
found  in  1 13,  14|. 


3.1.4.  Electric  force.  In  the  following,  we  apply 
as  an  example  for  the  electric  force  the  model  of  a 
‘dres.sed’  particle  proposed  in  [  1 1.  It  assumes  that 
negatively  charged  dust  particles  are  surrounded  by  a 
positive  charge  cloud  with  radius  /?,  (see  figure  3).  For 
the  calculation  of  this  force,  we  consider  a  negative 
point  charge  -/Viy  surrounded  by  a  positive  space  charge 
homogeneously  distributed  over  a  sphere  of  radius  /?, 
of  some  Debye  lengths  centred  at  the  particle  midpoint 
position  X.  The  negative  and  positive  charge  densities 
at  a  space  point  x'  are 

,  ,  3iV|u| 

p^ix.x  )  =  ~  ,Vc/S(x  -x  ).  p,  =  .  |jr  -X  I  sS 

4n-R' 

(6) 

Such  a  particle  has  practically  the  same  mass  as  the 
undressed  dust  particle  and  is  uncharged  as  a  total.  It 
docs  not  experience  a  force  in  a  homogeneous  electric 
held.  The  charge  (V<y  is  given  in  the  electrostatic 
approximation  of  a  conducting  sphere  by  1 15| 

-Nc/  =  (d>|,  Fpi)4;rf„«(l  +  R/X„)  (7) 
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Figure  4.  Scaled  potential  V/  -  NqE(0)R,  for  a  linear 
sheath  electric  field  as  functions  of  the  scaled  coordinate 
z/R,  with  fl,  =  33  urn  and  ^  =  S  mm. 


where  <l>p,  Vpi,  A-d  are  the  potential  of  the  sphere,  the 
plasma  potential  and  the  Dehye  length  respectively.  For 
the  limiting  case  R  A.q,  which  is  always  met  for 
the  particles  under  consideration,  and  the  assumption 
Vpi  —  <l>p  =  10  V,  which  corresponds  to  kTc[  ^  2  eV, 
equation  (7)  reduces  to 

N  =  6.94(«  nm).  (8) 


The  charge  of  the  real  particle  is  lower  than  this 
value  and  not  fully  screened  by  trapped  positive  ions 
(161.  Nevertheless  we  use  this  model  to  qualitatively 
understand  our  experimental  observations. 

The  force  on  the  screened  particle  in  an  arbitrary 
electric  held  can  be  calculated  according  to 

F,x(x)=(  (p-(x.x')  +  p^(x,x'))E(x')<2\'.  (9) 

•'tphere 

A  non-zero  force  can  be  exerted  on  a  dressed  particle  in 
regions  where  one-half  of  the  charge  cloud  experiences 
a  different  mean  electric  field  from  the  other  in  such 
a  way  that  their  average  is  different  from  the  field  at 
the  position  of  the  core.  This  means  that  the  second 
derivative  of  the  field  with  respect  to  position  must  be 
non-vanishing.  Therefore  the  particle  will  experience  a 
relatively  strong  force  in  the  transition  regions  between 
the  bulk  plasma  with  ^  0  and  the  electrode 
sheaths.  The  force  contribution  resulting  from  a  possible 
distortion  of  the  spherical  positive  charge  cloud  due  to 
polarization  is  disregarded.  For  the  calculations  the 
rather  realistic  model  of  a  linear  electric  field  in  the 
sheath  region  above  the  lower  electrode  of  the  form 
E{z)  =  ElOlfl  —  z/z^t)  with  £(0)  <  0  is  considered. 
The  evaluation  of  the  integral,  equation  (9),  for  the  one¬ 
dimensional  case  yields 


-Nq\Emf 

^  3/?’  2Rl 

AR] 

7>Rl 

,  \ 

)^Tt— (z-z 
4zg. 

(10) 


where  the  upper  sign  holds  for  Zg,  <  z  <  R,  -Hz,,  and  the 
lower  sign  for  z,,  -  /?,  <  z  <  z,,.  In  figure  4,  the  z/R, 
dependence  of  the  scaled  potential  (V/  -  NqE(0)R^)  is 
displayed  for  /?,  =  33  pm  and  z,,  =  5  mm. 


3.1.5.  Ion  drag  force.  The  ion  drag  force  exerted 
on  particles  due  to  the  directed  motion  of  ions  in  the 
discharge  has  been  treated  in  [15].  To  obtain  an  upper 
limit  for  this  force  we  use  the  simple  model  that  a 
directed  ion  beam  with  current  density  j\,  as  present  in 
the  sheath,  is  hitting  the  particle  and  that  no  ions  are 
reflected  by  the  particle.  The  momentum  change  per 
incident  ion  is  then  equal  to  the  momentum  mjVi  of  the 
ion.  The  drag  force  exerted  on  the  particle  is  thus  equal 
to  Fi  =  TR^jintiVi/q.  We  assume  an  ion  current  density 
of  0.1  mA  cm"^  and  a  sheath  voltage  of  100  V.  We 
further  take  into  account  th”!  at  the  pressure  of  interest, 
20  Pa,  the  sheath  is  collision  dominated  and  the  average 
ion  energy  will  be  of  the  order  of  <0%  of  the  full  sheath 
potential.  The  force  exerted  on  a  panicle  with  a  diameter 
of  I  pm  is  then  equal  to  2.03  x  10“'’  N.  We  have  to 
compare  this  value  to  the  gravitational  force  acting  on 
the  same  particle,  which  is  equal  to  1.03  x  10“”  N  where 
we  have  assumed  a  mass  density  of  2  g  cm“\  Therefore 
the  ion  drag  force  is  a  correction  of  20%  in  the  sheath 
region.  In  the  presheath,  where  ion  velocities  are  only  of 
the  order  of  a  few  kTc,  the  contribution  is  even  less.  We 
therefore  neglect  the  ion  drag  force  for  silane  discharges 
at  20  Pa  and  discharge  power  levels  of  much  less  than 
l(X)  W  in  our  further  considerations.  It  will  become 
important  at  lower  pressures  around  I  Pa  and  higher 
power  levels  as  are  found  in  reactive  ion  etching.  It  is 
also  mentioned  that  due  to  the  R^  dependence  of  the  ion 
drag  force  and  the  /f '  dependence  of  the  gravitational 
force  the  ion  drag  force  becomes  more  important  for 
small  particles. 


3.2.  Particle  motion  with  thermal  and  e'actric  force 
and  gas  flow  in  the  z  direction 

For  the  calculations  we  will  only  consider  the  simplified 
case  where  the  gas  flow,  the  electrical  and  the  thermal 
forces  have  only  a  z  component.  With  the  forces 
discussed  in  the  last  section,  the  components  of  the 
equation  of  motion  read 

mVjt  =  -67TRr)fff)\  (11) 

miiy  =  —(>71  RtjyifX’y  (12) 

mil,  =  -m^-KV,T  -bTrRriyniv,  -  Vf)  +  F,i(z).  (13) 

In  general,  the  flow  velocity  is  a  function  of  x,  y,  z  and 
nr  is  a  function  of  the  spatially  dependent  temperature 
r(z).  Thus  one  has  a  .system  of  three  coupled  .second- 
order  differential  equations  which  have  to  be  solved 
numerically.  In  case  of  constant  flow  vekxtity  in  the 
z  direction  and  constant  thermophoretic  force,  equations 
(II).  (12)  and  (13)  are  decoupled.  Outside  the  sheath 
region  (where  F,i  =  0)  they  can  be  solved  analytically. 
The  solution  of  equation  (13)  is  then 


u,  =  ii,|l  -  exp(-r/r)] -f  ii(),  exp(-//r)  (14) 


where  r  =  m/67r)?r),(f  and  uo,  is  the  z  component  of 
the  initial  velocity,  and  where 


I'.  =  Hi  -  fiT 


K 

hTiRncft 


V,T 


(15) 


is  the  asymptotic  velocity  for  t  -*  oo.  The  solutions  of 
equations  (II)  and  (12)  are  exponentials. 
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Figure  5.  Two  bands  of  trapped  particles  between  the 
electrodes  of  the  reactor  Both  electrodes  are  kept  at 
26  C  The  forward  power  was  70  W. 

4.  Results  and  discussion 

4.1.  (fas  inU't  through  the  nn^  shawer 

in  llu’  iirsl  SCI  c\|vrmK’nls  liu'  priKCss  l’.js  vv.is 
iniccicd  ihinu.cli  Uk'  mih!  shouci  suihuiiKimi!  ihc 
clciliodc  A  siimil.UioM  111  Uk’  jjas  llnw  uiulcr  these 
eniuliimns  slious  (h.ii  (here  is  jiMeliealK  im  Ilius  in  (he 
v'enlie  ot  ific  inteiek\ Inule  leenui,  Silane  is  iraiispniied 
iheie  nuiinl\  In  dtllusion 

4.1.1.  Kotl*  oleeirixli's  at  room  tcmpcratiiro  (ease  h. 

(>!  juntti  It  i  li/u<l\  In  (he  liisi  insesliyalet! 
ease  lniili  eleeinules  ueiv  ai  mum  leinpei aiuiv  ijb  (’» 
The  IrnsNarii  jmvvei  vsas  SO  \\  Alter  nIioiI  pl.istn.i 
Iniinine  limes  inanv  paiikles  ^an  he  «*l.seived  hetueen 
the  eleeimdes  Mie  .keumiilatioii  nt  llu  paiiieles  tn  ivsi» 
hall. Is  helween  ilu  ehumules  nuluales  (lu-ii  iiappinp  al 
(he  pi.isiiia  slieaih  luumilaiies  h\  ihe  sum  ol  ii.ition. 
Iritlii'ii  iliae  hiit^'s  .mil  ekuiiu  tnues  ll.lSj  Ih*' 
V  ullh  t'l  liu-  pailiile  hands  liiuiiMles  m  a  «.h.n»iK  was 
These  hands  laii  he  seen  in  heme  ssheie  hetween  the 
haiujs  usn  hiiehlei  /tines  .iii-  letleiUofis  tmm  vMiuinus 
mi  the  iipposili,'  shle  el  ilie  leamm  Ihe  huehi  Inus 
hell  us  ine  less  ei  h.md  ale  lelku  limis  !mr}i  i  wo  edpes  et  a 
suhsiiale  h  me  mi  die  liissi.  i  ekulmde  I  he  anaiipenieni 
el  htu.ie  i  .  '.i  henialii.  alls  lepiedui.ed  in  heme  le 
ilaMis  llie  pesiiimi  ni  lie  dilleieni  ekinenls  I’aMiik 
iiappine  n]  a  sinulii  ispe  \s a-,  alse  ehseiseil  hs  iitliei 
eieups.  ^ee  Im  evaniple  |l  4  0|  (iiasKalnm  .ind  Jiaj/ 
leit.es  then  mas  le.ul  m  liie  l.iilmii  el  paiOiles  iimi 
exceed  .i  eiiiieal  si/e 

/‘urtiih  ftiil  nnt  nUhtiui  I'liiMthi  I  iie  aim  i*(  itiese 
e\|it’iinienis  ssas  ui  seiils  die  tit.  lien  lejci  eiju.itimi  i.T* 
le  tie  used  in  die  v  ak  iiialimsN  We  lepmt  mi  lesults  i»l  the 
ineasuiemeiiis  e|  h^hi  sc .iilei me  Oein  sinkmp  p.irlules 
allei  ssmu  hill).' elt  die  Jiseliai^’e  I  lie  c  eiutilimis  t»l  (hese 
expeiimeiiis  sseu‘  these  ef  else  1  Tlie  plasm. j  huinine 
tmie  helme  luimn).’  el}  ssa.  s.iiied  Ivlvseeii  0  aiul  M»0  s 
In  heme  ?  a  tspi'.  a!  diaeiain  el  die  iiiieiisiis  el  'i.ilteicd 
liehl  limu  die  liMi-lei  axis  seiMis  axi.d  pesilien  .  aiut 
lime  ;  is  sheu.i  lei  a  tuimine  lime  el  .h)  s  Ihe  ivse 


Figure  6.  Schematic  view  of  the  situation  with  gas  inlet 
through  the  ring  shower  corresponding  to  figure  5, 

peaks  at  —  0  and  ;  -  40  mm  result  trein  ivIleelH'ns 
Iroin  the  electrodes  and  were  used  to  ealduate  the  .• 
axis.  The  time  nitervah  between  suhsequenl  seans  are 

ms.  The  nisianl  ol  ssviiehiii)'  olT  the  disehar)!e  is 
elcaily  ideniiiied  as  r  70  ms  hy  the  ehange  in  the 
scattered  li)ilu  dislnhution. 

Willie  the  disch.irge  is  on  (/  •  OS  nis)  iwti  stable 
p.iitieic  bands,  as  doeiissed  in  the  previous  seelion.  are 
observed  .ii  positions  i  10  JO  mm  and  i  M)  mm 
Aticr  tarnini!  oil  die  dischaij’e.  both  bands  start  to  sink 
tovsaiils  the  lower  ekuirode.  They  reaeh  a  nearly  equal 
stable  sinking’  speed  in  a  relaXiilion  time  r  less  than  the 
time  dillereiwe  between  subsequent  camera  seans.  The 
measured  Miikiny  speeds  aie  plotted  versus  die  disehar^k' 
burnin>!  time  in  lipure  X.  The  incre.tse  ot  the  sinking 
speed  widi  htiniin):  iime  is  due  lo  parliele  grow'ih,  as 
vv.is  shown  in  |oj 

It  theie  IS  no  leiiqvralure  gradient  and  no  cleeinc 
tone,  as  in  tins  sinking:  experiment,  the  .■  component 
4»t  ilie  xel*»eM>  ol  a  particle,  accordiii)*  lo  equation  1 15), 
lelaxes  to  i,  i>t  .  In  the  case  ol  gas  inlet  through 
the  ling  shi»wii,  the  How  velomly  on  the  leacioi  axis 
Is  pr.iciu.ills  /eixv  .md  the  s|ved  rel.ixes  to  c'T  With 
the  v.ilues  /*  J  g  tin  H  0  !  /iin,  /  ^00  K. 

/*  JO  l*a  toi  SiM.i.  sse  liiul  r,  !  J  ^  mil  s  '  This  has 
lo  be  comjMii-d  wiih  die  ex[K‘nmenial  s.due  ol  ^  mn  s  ' 
tmiiul  (oi  the  hurning  tune  ol  JO  s  which  coriesponds 
to  the  pariKle  ladius  /<  0  1  //in  Ihe  lad  that  ifie 

lesiili  o.  ol  the  riglil  oidm  ot  magmludc  strongly  supjioiis 
the  v.iliditx  id  equalimi  (J)  The  deviations  are  most 
piobabK  itue  to  a  dillcience  in  pailicte  ladius  between 
experiment  aiuf  calculation,  because  particle  radii  were 
not  deieinuneiJ  m  die  same  exj'eimienl  wiiere  die  sinking 
speed  was  lieteiniineJ  out  under  idenlic.il  tanidilioiis  in 
.1  dilteient  ex|x.‘ninent  Oail  ol  the  devi.aion  may  also 
be  due  to  iikoinph'ie  .u  i.  ommiKi.ition  ot  die  lenijviaiuie 
id  the  moletules  as  die  v  aie  lellecled  lioiii  the  paMicle 
surtax  c,  w  iiu  h  modi  lies  v’qualion  M )  tt*  decrease  ,  lor 
a  detailed  dtS'  Ussioii  see’  j  !7|  The  c.dculalexl  leiaxalion 
iMiic  IS  T  I  J<i  ms  wtikh  ex(>lains  the  las!  relax. ilion 
U>  sialion.uv  Milking 

.Wi'Jf'/'mif  o/ //i»  ii  ffn-  \hiiiih  hiiui\iitit  \  le, 

ihis  seilion  we  sliow  dial  paili'.  les  ol  die  ex|K‘fnnenlallN 
ob-.i‘i\ed  size  moving  tow.iids  ihe  lowm  cleclMuie  i. 


R  J  Seebdck  et  al 


t 

upper  ;i 
electrode!  i 


Figure  7.  littensity  of  scattered  light  from  particles  versus  z  position  and  time  as  measured  by 
the  diode  array  camera  Different  traces  belong  to  subsequent  scans.  The  forward  power  was 
70  W.  The  on-time  of  the  discharge  was  70  s  before  it  was  turned  off  to  measure  the  sinking 
speed  of  particle  clouds.  Both  electrodes  were  at  26  C.  The  peaks  at  z  =  0  and  z  =  40  mm 
are  reflections  from  the  lower  and  upper  electrodes  respectively.  Betwjen  the  electrodes 
the  scattered  light  from  two  particle  clouds  is  visible.  They  start  to  sink  towards  the  lower 
electrode  (substrate)  when  the  discharge  Is  turned  off.  Note  that  time  proceeds  from  back  to 
front 


01  lire  '  ipped  near  the  sheath  boundary  (e  =  Cg,).  It 
■  a  (  ...i  from  energy  conservation  that  particle  trapping 
caiinot  occur  without  a  friction  force.  Particle  motion  is 
studied  in  this  work  only  lor  the  case  of  a  IX"  discharge. 
For  particles  with  their  space  charge  cloud  crossing 
the  boundary  of  the  sheath,  the  electric  force,  equation 
(10).  was  taken  into  account  and  equation  (l.t)  was 
numerically  solved  using  a  fourth-order  Runge-Kulla 
method.  The  time  step  was  chosen  to  be  not  smaller  than 
r.  In  the  neighbourhood  of  the  discontinuity  at  .I  = 
the  electric  force  was  approximated  hy  a  cubic  parabola. 
The  following  paiameters  were  used:  .'g,  =  5  mm, 
/?,  =  .13  /tin.  N  acctrrding  to  equation  (8),  i'(  =  0, 
uniform  temperature  (V.T  —  0).  i'(0)  =  UK)  V  cm 
mass  density  p  =  2  g  cm  V  The  panicle  starts  al  rest 
and  is  accelerated  by  gravitation.  It  has  already  re.u  hcd 
its  stationary  sinking  speed  when  it  enters  the  range  of 
action  of  the  electrii  force  al  =  Cgi  +  R,. 

Heavier  particles  iR  >  0.  i.*!  /tm)  traverse  the  range 
of  the  electric  force  and  move  on  without  drastic  change 
in  then  states  of  mo  ion  because  the  gravitational  force 
(a  A")  dominates.  In  figure  9  the  :  position  and  the 
;  velocity  of  such  i.  particle  (R  =  0.15  /rm,  N  = 
1.04  X  10*)  arc  shown.  The  particle  is  first  acccleialed 
in  the  force  field  (conversion  of  potential  into  kinetic 
energy)  and  then  slowed  down  again.  This  leads  to  a 
dip  in  the  velocity  cuive.  The  speed  after  passage  is 
somewhat  smaller  in  it  agnitude  because  of  the  energy 
loss  due  to  friclKsn. 

A  smaller  particle  with  R  0  1  /im  (iV  =  0,69  x 
10')  IS  trapped  al  the  s'lealh  boundary,  as  is  seen  in 
iiguie  It)  The  excess  energy  is  then  converted  into 


Figure  B.  Sinking  speed  of  particles  of  different  s'ze  that 
grow  in  an  SiHg  plasma  in  different  burning  times  versus 
burning  lime. 


gas  heating  in  a  damped  oscillation  around  the  sheath 
edge.  This  result  is  in  agreement  with  the  experiments 
where  the  obseivcd  particles  of  radius  up  to  0.1  /im  are 
found  to  fall  out  only  after  switching  off  the  discharge 
|9|.  The  boundaries  between  trapping  and  fallout  will 
be  investigated  in  a  forlheommg  paper  |18|.  Th-  width 
of  the  bands  found  in  the  cx|Krimenl  may  be  diu  to  the 
very  smixiih  plasma  sheath  transition  and  to  Brownian 
motion  together  with  lluctuations  in  gas  Ilow  patterns. 

4.1.2.  Lower  electrode  heated  (case  2).  Pi  rticlv 
trappinfi  in  [wt  kei.s  above  the  substrate.  In  the  second 
ease  the  lowei  electrode  was  healed  to  a  temperature 
of  8k  C  while  the  upper  electrode  was  kept  at  40  C. 
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Figure  9.  Calculated  z  position  and  z  velocity  of  a 
particle  penetrating  Into  the  plasma  electrode  sheath. 
Parameters:  fl  =  0.15  pm,  Jg,  =  5  mm,  R,  —  33  pm, 
E(0)  =  100  V  cm  ',  M  =  0,  v,r  =  0,  z(0)  =  0  51  cm.  At 
time  f  =  0  the  particle  has  already  reached  Its  stationary 
sinking  speed.  It  Is  not  trapped. 
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Figure  '<0.  Calculated  z  position  and  z  velocity  of  a 
particle  with  fl  =  0.1  pm;  the  other  parameters  are  chosen 
as  in  figure  9.  The  particle  Is  trapped  at  the  aheath  edge. 

Figure  1 1  shows  the  influence  of  thermophoresis  on 
the  two  broad  bands  of  case  I  (figure  5),  The  view 
is  somewhat  enlarged  as  compared  with  figure  6,  The 
dark  legions  are  the  electrodes,  the  sharp  bright  lines  are 
reflections  of  the  laser  sheet  from  the  electrodes  and  the 
substrate.  The  grey  background  between  the  electrodes 
is  due  to  the  plasma-indueed  emission  wherea.s  the  bright 


FIgura  1 1 .  Particle  traps  above  the  substrate  with  gas  Inlet 
through  ring  shower,  forward  power  20  Watt,  T|.  =  40  C, 

=  88  ”C. 

areas  are  two-dimensional  cuts  of  the  light  sheet  through 
the  regions  with  high  particle  density.  There  are  far 
fewer  particles  between  the  electrodes  than  in  the  first 
ca,se.  The  remaining  particles  accumulate  in  two  clouds 
above  the  substrate.  At  greater  distances  from  the 
substrate  no  particles  are  detected.  It  is  observed  that 
a  stream  of  particles  leaves  the  lower  cloud  and  moves 
upward  to  enter  the  upper  cloud. 

We  assume  that  thermal  effects  arc  re.spon.siblc 
for  the  ob.served  trapping  of  the  panicles  in  a 
small  region  above  the  substrate.  Figure  12  shows 
calculated  isotherms  in  the  space  between  the  electrodes 
for  electrode  temperatures  of  40  C  and  88  "C.  The 
temperature  of  the  upper  substrate  surface  is  assumed  to 
be  76 “C.  Large  temperatuic  gradients  between  electrode 
and  substrate  surfaces  must  be  present  when  the  substrate 
is  not  clamped  to  the  electrode  and  thermal  coupling 
is  accomplished  mostly  by  radiation,  which  is  not  very 
effective  for  glass  in  this  temperature  range.  From 
figure  12  it  can  be  .seen  that  thermal  gradients  in  the 
jt  and  y  direction  are  induced  above  the  substrate  edge 
which  lead  to  a  radial  inward  force  component.  This 
acts  on  ihc  particle, s  and  tends  to  accumulate  them  above 
the  substrate.  These  forces  could  be  the  reason  for  the 
.shape  of  particle  accumulations  in  figure  1 1.  The  asial 
component  of  the  thermal  force  is  directed  from  the  hot 
lower  to  the  cooler  upper  electrode,  A  comparison  of 
equations  (I)  and  (4)  shows  that  the  thermal  force  is 
balanced  by  gravitation  for 

IVjTIAr  rnm~'  R:  (16) 

Therefore,  above  the  substrate,  where  temperature 
gradients  may  be  very  close  to  zero  (see  figure  12), 
very  small  particles  may  float  or  sink  to  the  substrate 
immediately  after  their  creation,  Therefore  the 
probability  of  trapping  at  the  sheath  boundary  is  very 
high  for  these  small  particles  and  piKkets  are  formed. 
In  regions  with  higher  thermal  gradic.it,  particle':  arc 
moving  upward.  This  explains  the  upward-dirccied 
particle  movement  between  the  two  clouds.  The  particles 
may  be  tr:*ppcd  at  a  ptxiket  near  the  (ipper  electrode 
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Figure  12.  Calculated  isotherms  betweerr  a  heated  lower 
electrode  with  substrate  and  the  opposite  cold  electrode. 
The  temperatures  of  the  lower  and  the  upper  electrodes 
are  88  C  and  40  C,  while  the  temperature  of  the  substrate 
surface  is  assumed  to  be  76  C.  Notice  the  axial  and 
radial  components  of  the  temperature  gradient  above  the 
substrate. 

sheath  edge.  Very  large  particles  may  also  sink  down 
again  and  fall  out,  as  is  sometimes  observed. 

In  the  vicinity  of  the  substrate  there  may  also  be  an 
electric  force  due  to  different  surface  charge  densities 
on  the  electrode  and  the  substrate.  This  behaviour  has 
already  been  described  for  the  case  of  large  .substrates  in 
semiconductor  processing  ll9|.  The  axial  component  of 
this  force  together  with  the  very  .small  axial  flow  velocity 
leads  to  a  bending  of  the  pocket  surface  above  the 
substrate  (dome)  while  the  radial  components  contribute 
to  particle  collection  above  the  substrate. 

Particle  motion  in  off-axis  regions.  Off  the  axis  the 
thermal  gradient  is  rather  large  all  over  the  discharge 
gap  so  that  the  thermal  force  drives  particles  upward 
{.see  figure  1 2).  Small  particles  may  be  trapped  at  both 
sheaths.  On  the  other  hand,  as  the  thermal  force  is  much 
stronger  than  gravitation  for  particles  with  R  <K  0.5  rrin 
(see  equation  (I6)).  thc.se  particles  are  rapidly  moving 
upward  and  trapping  is  rare.  In  figure  I.T  the  calculated 
upward  mtnion  of  a  particle  with  R  -  O.l  fim  starting 
closely  below  the  lower  sheath  is  shown.  It  is  not 
trapped  due  to  the  much  larger  resulting  force  compared 
with  the  case  of  figure  It).  The  small  panicles  that 
are  trapped  at  the  electrode  edges  are  cither  moving 
radially  inward  because  of  the  radial  forces  induced  hy 
the  substrate  or  outward  because  of  the  influence  t)f  the 
cold  wall.  Therefore  the  case  of  figure  1 1  is  qualitatively 
understood. 

4,2.  Gas  inlet  through  the  upper  electrode  shower 

The  influence  of  a  pronounced  gas  flow  between  the 
electrodes  on  the  behaviour  of  particles  was  studied  in 
the  thi’^d  and  fourth  ca,ses.  In  both  experiments  the  gas 
was  led  through  the  centre  of  the  upper  electrode.  It 
had  to  flow  through  the  interelectrode  space  to  reach  the 
pumping  port  (see  figure  I).  flow  simulation  shows 
that  flow  velocities  of  up  to  lO  m  s  '  may  appear  at  the 
inlet.  The  gas  drags  the  particles  to  the  outer  regions  by 
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Figure  13.  Position  srvi  vp'jcity  of  a  particle  witi. 

R  =  0  1  /im  travelling  through  the  sheath  edge 
of  the  lower  electrode  in  a  temperature  gradient  of 
V,T  =  -  1  2  K  mm  the  parameters  were  Ti,  —  88  C, 

=  40  C.  other  parameters  are  chosen  as  in  figure  10. 
The  particle  is  not  trapped  at  the  sheath  edge  due  to  the 
driving  thermal  force,  the  absolute  value  of  which  is  much 
larger  tlian  that  of  gravitation. 

the  friction  force  equation  (2).  Eddies  may  appear  at  the 
inlet  holes. 


4.2.1.  Both  electrodes  at  room  temperature  ('t'se 
3).  Observation  of  eddies  and  trapped  particles.  In  the 
third  experiment  both  electrodes  were  at  26  C  as  in  the 
first  case.  Figure  14  serves  to  illustrate  the  geometry 
of  figures  l.'i  and  17  Figure  I.S  shows  the  effect  of 
the  gas  flow  on  the  two  bands  of  the  first  case.  The 
lower  particle  band  nearly  disappears  in  the  centre  of 
the  electrode  and  stays  narrow  at  its  peripheral  /one. 
The  upper  band  is  reduced  to  panicles  rotating  in  the 
predicted  whirl  neai  the  gas  inlet  holes  and  thus  serves 
for  visuali/alion  of  the  flow.  The  reduction  of  particle 
density  in  the  central  region  in  figure  l-'i,  is  due  to  two 
effects.  Firstly,  there  is  a  large  flow  velixity  component 
ill  the  centre,  directed  radially  outward,  dragging  out  the 
particles.  Secondly,  particles  may  be  driven  through  the 
sheath  edge  by  the  friction  drag  force.  An  example  for 
this  behaviour  is  shown  in  figure  16.  Here  a  particle  with 
/?—().;  ^m  is  moving  downward  under  the  combined 
aciton  of  gravitation,  a  gas  flow  of  .10  cm  s  '  in  the  ; 
direction  and  the  frictional  drag  force.  The  particle  has 
already  reached  its  stationary  speed  i<>  =  ui  -  gr  (see 
equation  (15))  when  it  enters  the  force  ticld.  The  speed 
is  so  high  that  no  trapping  takes  place.  There  is  a  very 
small  change  in  velocity,  but  the  particle  fulls  through 
the  sheath  edge 


366 


Dynamics  ot  dust  particles  in  silane  glow  discharges 


Figure  14.  Schematic  view  of  the  situation  with  gas  Inlet 
through  the  shower  In  the  upper  electrode.  This  view 
correspoi^ds  to  tigures  1b  and  '7. 


Figure  15.  View  o'  ihe  remaining  particle  clouds  when 
the  gas  is  led  thrugh  the  upper  electrode  (see  figur 
Note  Ihe  eddy  around  Ihe  inlet  and  the  narrow  banu. 

Ihe  lower  sheath  adge  The  circular  structure  beliind  llio 
edddy  is  a  vindcvr  on  the  opposite  side  ol  the  vessel 
Both  electrodes  are  at  temperatures  ot  Pt  C 

4.2.2.  J.owiT  t'lccHkide  healed  (ca.se  4).  In  the  linal 
c:iM'.  hcalinp  ol  ilic  lower  clciliodc  .ind  pas  inicclioii 
ihroupli  the  iiri'ci  one  Icil  lo  an  inicrciccirodc  sp.Kc 
lolallv  Ircc  ol  panicles  wnhni  oui  dclcslion  limits.  Tins 
icsull  s  shown  in  lipiiic  17  The  soinhincJ  action 
ol  U|iw .ltd  directed  Ihcitnophorcsis  and  outward  drrcilcd 
drap  lorcc  leads  to  the  iians|so!'  ol  the  particles  away 
liom  the  suhstrale  and  out  ot  ihe  inlerelec node  space 
Nonce.  Iiowecei.  dial  the  increase  ot  leni(»c*raluie  not 
only  induces  thermal  Uirces  hut  also  reduces  particle 
erealion  |S| 
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Figure  16.  Calculated  z  position  and  z  velocity  of  a 
particle  with  R  0  1  /im  penetrating  Into  the  lower 
electrode  sheath  in  the  presence  of  a  downward 
directed  gas  flow  The  iollowing  param-oers  were 
chosen:  vi  -  30  cm  s  '.  i,,  -  5  mm.  R,  --  33  nm. 

CiOi  a  too  V  cm  ' .  7(0i  =  0  51  cm  At  lime  f  0  the 
particle  has  reached  its  stationary  speed,  the  absolute 
value  ol  which  is  larger  than  w  because  ot  gravitation  The 
particle  is  not  trapped  due  to  the  large  drag  force. 


Figure  17.  View  ot  the  reactor  space  with  gas  inlet 
through  the  upper  electrode  and  heated  lower  electrode 
(T»  68  C.  Tm  40  C).  The  particle  contamination  is 

below  the  detection  limit 


5.  Conclueiont 

l  or  limp  phisina  t.urnmp  limes  partic  les  may  Inim  larpe 
c  louds  in  phisina  reac  lots  '.Ve  have  shown  that  Ihe  pas 
Ilow  condiiiims  and  ieni|ieranire  pradieni  in  the  leadin 
have  reduced  die  number  ol  particles  prescnl  durinp  die 
ex|K'iimenls  to  levels  not  delec  iahle  with  liphl  seallerinp 
I  herelore  we  i  oiu  hide  that  the  ptoix'r  use  ot  iheiinal  and 
drap  lorces  in  the  desipii  ol  PICVI)  reactors  tan  solve 
Ihe  piohlem  of  pamele  contamination 


Hy  nuirieiual  analysis  ol  the  particle  dynamics  il 
was  shown  that  pailicle  tiappinp  may  be  undersiiKid  on 
Ihe  basis  ol  the  dressed'  panicle  model  As  sinin  as 
purlicTes  prow  heavier  ihey  are  no  limpet  irapiicd  and 
may  fall  lo  ihe  subslrale  durinp  the  process  Therelorc  ii 
IS  neeessaiy  lo  keep  the  coniaminalion  durinp  die  piocess 
at  a  low  level  The  ex|x.Timcnlally  delenmncd  sinh'  ip 
sjx-eds  ot  panicles  to  the  sutisliale  alter  luminp  of  ipree 
well  with  tliiise  ealculaled  using  hpsicin’s  IricTii':,  i  i 
lor  low  pressures 
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Real-time  compositional  analysis  of 
submicrometre  particies 
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Abstract.  A  particle  analyser  is  described  that  simultaneously  detects  and 
characterizes  <  0.02  to  >  10  /im  diameter  particles  independent  ol  particle 
composition  in  real  time.  No  previous  instrument  has  been  able  to  perform  these 
functions  simiiltanecusly.  Our  design  uses  pulsed  laser  ablation  of  particles 
followed  by  time-of-flight  mass  spc;;lrorr,etric  analysis  of  the  resulting  ions.  The  ion 
intensity  is  related  to  particlo  size  at  ir  ast  for  small  particles.  Thus  particle  size 
information  is  obtained  concurrently  with  the  other  information. 


1.  Introduction 

Particles  continue  to  haunt  semiconductor  proce.ssing. 
Particles  in  plasma  processes  arc  particularly  challeng¬ 
ing.  Knowing  the  physical  and  chemical  properties  of 
these  particles  is  an  important  step  towards  preventing 
their  formation. 

Particle  counting  is  the  simplest  and  most  widely 
used  method  of  particle  characterization.  l.ight 
scattering,  the  technique  of  choice  in  plasma  proce.ssing 
tools,  is  used  lo  monitor  particle  position  and  movement 
hut  the  relationship  between  the  scattered  light  and  the 
size  and  density  of  particles  is  not  easily  interpreted. 
Additional  information,  such  as  particle  composition,  is 
unavailable. 

Several  )pes  of  instrumcni.s  have  been  described 
in  the  literature  for  real-time  compositional  analysis  .if 
particles.  One  type,  using  surface  ionization,  detects 
particles  continuously  1 1-9|.  However,  only  a  single  ion 
mass  can  be  monitored  and  only  easily  ionized  malcials 
can  be  detected.  The  second  type,  using  pulsed  laser 
ablation,  ca,T  detect  a  w'lde  range  of  particle  compositions 
|I0,  1 1 1.  A  t'W  laser  is  used  to  'sense'  a  particle  and 
fire  the  pulsed  laser.  A  complete  mass  spectrum  of  the 
resulting  ions  from  a  single  particle  is  detected  with  a 
time-of-flight  mass  spectrometer.  The  disadvantage  is 
the  C'W  laser:  only  particles  >  0.2  /rm  .scatter  sufficient 
light.  Smaller  particles  are  nol  delected. 

We  have  built  a  prototype  instrument  for  charae- 
tcnz.ation  of  individual  particles.  The  characterization 
provides  both  chemical  composition  from  the  complete 
mass  spccirum  of  a  single  particle  and  some  size  infor¬ 
mation  for  particles  at  least  as  small  as  0.02  rrm.  This  is 
accomplished  hy  la.scr  ablation  of  a  single  particle  fol¬ 
lowed  by  lime-of-flight  mass  spcctrometric  analysis  of 
the  ions  characteristic  of  ihc  particle's  composition.  The 
f'W  laser  to  'sense'  ihe  particles  is  omitted  to  allow  de¬ 
tection  of  panicles  loo  small  to  scatter  sufficient  light. 
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At  prc.scnt,  particles  have  been  characterized  in  air  at  at¬ 
mospheric  pressure.  Characterization  in  other  gases  and 
at  lower  gas  pressures  is  also  possible. 


2.  Experimental 

Several  panicle  sources  are  used  to  calibrate  and 
evaluate  our  panicle  analyser.  A  TSl  model  .'?()76 
Constant  Output  Atomizer  produces  aerosols  from 
0.02  M  aqueous  solutions  of  CsNOi,  RbNOi,  and 
(NH4)2S04  with  a  wide  particle  size  distribution.  Two 
.synthetic  dust  mixtures  of  particles,  one  containing  13% 
CsCI,  13%  CsNO,.  13%  RbCI,  13%>  NaCl,  13%  KCI 
and  33%  talc  (silica  and  magnesium  silicate)  and  the 
other  containing  talc  and  (NH4)2S04,  arc  also  used  as 
panicle  sources.  These  drv  scurecs  are  dispersed  as 
powders  from  polyethylene  bottles  with  stainless  steel 
ball  bearings  lo  grind  the  panicles.  Shaking  produces 
parucic-ladcn  air  which  is  then  drawn  inti,  the  particle 
analyser  through  a  capillary  inlet. 

Particle  size  distributions  for  the  aqueous  salt  solu¬ 
tions  are  measured  using  a  TSl  model  3071  Electrosiatic 
Classifier.  Higher  salt  concentrations  produce  a  wider 
size  distribution  and  higher  concentration  of  particle:,. 
The  particles  are  introduced  into  our  prototype  particle 
analyser  cither  directly  from  the  atomizer  or  as  a  nar¬ 
row  size  distribution  that  is  isolated  by  passing  through 
Ihe  TSl  Electrostatic  Classifier.  Panicle  concentrations 
for  each  size  are  determined  using  a  TSl  model  3022 
Condensation  Particle  Counter. 

All  water  in  these  experiments  is  purified  using  a 
Millipore  Milli-Q  Plus  Water  system  Tap  water  is 
treated  by  reverse  osmosis,  dissolved  organics  removed 
with  activated  charcoal,  inorganic  ions  further  reduced  to 
IK  Mn  resistivity  with  ion  exchange  resins,  and  organic 
material  further  removed  with  a  final  scavenger  |12|. 
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Figure  1 .  Schematic  diagram  of  prototype  particle 
analyser. 

In  addition,  the  water  is  irradiated  with  UV  to  destroy 
bacteria  and  decompose  organic  compounds. 

The  prototype  particle  analyser  contains  a  capillary 
tube  for  particle  introduction,  a  pulsed  laser  for  particle 
ablation  and  ionization,  and  a  commercially  available 
time-of-Hight  mass  spectrometer  (Jordan  Associates,  CA, 
USA)  for  identification  of  the  particle’s  composition.  A 
schematic  diagram  of  the  instrument  is  shown  in  figure  I. 
Particles  are  introduced  via  the  0.05,3  cm  ID  fused  silica 
capillary.  The  particles  pass  through  two  stages  of 
differential  pumping  consisting  of  two  skimmers  (Beam 
Dynamics,  NIN,  USA)  with  0,l  cm  ID  holes.  Two 
30  cfm  mechanical  pumps  provide  the  vacuum  at  each 
stage  with  a  CTI  Cryotorr  8  cryopump  providing  the 
1-3  X  lO"*  Torr  vacuum  in  the  ionization  region.  The 
particles  travel  1 5  cm  from  the  capillary  to  the  ion  source 
of  the  time-of-flight  mass  spectrometer.  The  particles 
are  struck  with  a  pul.se  from  a  Lambda-Physik  model 
EMC  202  excimer  laser.  The  laser  is  operated  al  lO- 
30  Hz  with  1 30-300  mJ  of  energy/pulse  at  308  nm  and  a 
pulse  width  of  40  ns,  The  laser  is  focused  with  a  30  cm 
focal  length  lens  to  a  rectangle  0.08  cm  high  and  0.3  cm 
wide.  A  laser  power  density  of  1.7  x  lO*  W  cm'^  is 
achieved.  The  resulting  ions  are  accelerated  to  4  kV 
with  mass  separation  txteurring  over  a  I  m  flight  path. 
A  secondary  electroi.  multiplier  with  a  gain  of  lO*  is 
used  as  a  detector.  The  signal  goes  to  a  Tektronix  2440 
digital  oscilloscope  with  a  50  D  termination.  The  laser 
trigger  is  used  to  initiate  recording  of  mass  spectra,  but 
the  background  fluorescence  resulting  from  the  UV  laser 
light  is  used  as  the  time  zero  point.  The  2048  data 
points  are  collected  over  the  entire  time  range  (0-25  fis, 
1-145  Daltons)  or,  for  increased  mass  resolution,  over 
a  narrower  time  range  of  interest  (e.g.  20-22  /xs).  The 
time-of-flighl  for  Cs^  is  2l  ^ls. 


3.  Results  and  discussion 

We  have  characterized  our  prototype  particle  analyser  in 
terms  of  particle  size  detection  limit,  particic  detection 


Timo  (as) 

Figure  2.  Mass  spectrum  of  single  silica  particle  from  talc. 


Figure  3.  Mass  spectmm  of  single  ammonium  sulphate 
particle.  Particle  Introduced  from  solid  mixture  with  talc. 

efficiency,  and  dependence  upon  particic  composition. 
We  arc  able  to  detect  particles  having  a  variety  of 
compositions  and  with  diameters  as  small  as  0.02  ^m. 
Currently,  high  particle  densities  are  required  for  high 
rates  of  particle  detection,  Improvtinents  will  be  made 
to  reduce  this  limitation. 

We  have  mass  spectra  from  a  variety  of  particle 
compositions.  Our  aim  is  to  demonstrate  the  ability 
to  detect  particles  regardless  of  composition  and  obtain 
mass  spectra  that  are  characteristic  of  the  particle’s 
composition.  Figures  2-4  illustrate  mass  spectra  for 
particles  composed  of  Si02,  (NH.t)2S04,  and  RbNOi 
respectively.  These  spectra  can  be  easily  distinguished. 
Both  Si02  and  (NH4)2S04  give  molecular  ions  whereas 
RbNOs  gives  only  Rb'*^  (likewise  CsNOi  gives  only 
Cs^).  At  present  we  have  no  way  of  distinguishing 
the  vaiious  rubidium  or  caesium  salts  (e.g.  RbCI  versus 
RbNOi).  Note  that  strong  ion  signals  car  be  obtained  for 
both  easily  ionized  material  (e.g.  RbNOU  and  difficult  tc 
ionize  material  (Si02).  This  method  should  be  suitable 
for  particles  of  any  composition. 

Particles  over  a  wide  size  range  (0.02-10  /um 
diameter)  have  been  detected.  Micrometre-sized 
particles  give  intense  ion  signals  that  represent  ablation 
of  only  a  fraction  of  the  particle.  .Small  (0.02- 
0. 1  fj.ni  diameter)  particles  give  weaker  signals  that  may 
represent  destruction  of  the  whole  particic.  For  small 
particles,  there  is  a  linear  relation  between  particle  size 
and  ion  intensity  (sec  figure  5).  The  intensity  for  Rh*^  is 
greater  since  only  one  ion  is  produced:  there  are  several 
ions  produced  by  (NH4)2S04  over  which  the  total  ion 
intensity  is  distributed. 
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Figure  4.  Expanded  scale  mass  spectmm  of  RbNOa 
showing  resolved  “Rb*  and  *'Rb*  Isotopes.  Only  Rb*  is 
observed 


Figure  5.  Dependence  of  ion  signal  on  particle  size 
for  both  RbNOj  and  (NH4)2S04  particies.  The  particles 
are  size  selectsd  with  a  TSI  electrostatic  classifier  and 
introduced  into  the  particie  analyser  via  the  capiliary  tube. 
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Figure  6.  Size-dependent  dispersion  for  CsNOa  particles 
exiting  a  0  053  cm  lo,  50  cm  long  capillary  column  and 
passing  through  two  0. 1  cm  in  skimmer  cones.  The 
measurement  is  at  a  distance  of  3  cm  from  the  end  of  the 
capillary. 


skimmer  (in  a  vacuum  chamber)  is  measured  with  an 
ion  chromatograph.  A  comparison  shows  that  only  9% 
of  the  particles  are  transmitted  through  the  system. 

Size-dependent  particle  dispersion  significantly  re¬ 
duces  particle  detection  and  causes  size  discrimination. 
We  have  measured  the  dispersion  after  the  particles  have 
passed  through  the  second  skimmer  at  a  distance  of  3  cm 
from  the  skimmer.  Figure  6  clearly  shows  a  significant 
size-dependent  dispersion.  Any  compositional  analysis 
of  unknown  aerosols  will  be  size  selective.  The  centre 
of  the  particle  beam  will  be  enriched  in  larger  particles, 
whereas  the  smaller  particles  will  predominate  at  some 
distance  from  the  centre  dependent  upon  the  distance 
travelled.  Clearly,  the  distance  between  the  capillary 
and  the  laser  focal  point  is  important  to  particle  detec¬ 
tion  efficiency. 

Presently,  particle  concentrations  of  ~  1x10*  per  ft 
are  required  for  reasonable  detection  rates.  Decreasing 
the  distance  between  the  capillary  and  the  laser  focal 
point  will  greatly  enhance  the  particle  count  rate.  A 
larger  laser  spot  size  and  faster  repetition  rate  laser  will 
also  improve  the  count  rale. 


4.  Plasma  particles 

The  current  system  is  amenable  to  sampling  high 
pres.surc  plasmas.  For  low  pressure  plasmas,  the 
skimmer  cone  should  be  placed  in  the  plasma  chamber 
so  as  to  directly  sample  plasma  particles.  We  have  not 
interfaced  ur  instrumen:  to  a  plasma  reactor  yet,  since 
we  are  still  optimizing  the  design. 

The  current  method,  without  presensing  particles 
with  a  continuous  laser,  provides  the  ability  to  detect  and 
anaivse  individual  particles  as  small  as  0.02  gtm.  We  feel 
that  even  smaller  particles  can  be  delected,  although  this 
has  not  been  attempted  as  yet.  This  technique  should 
be  useful  for  particle  diagnosis  in  plasma  reactors.  The 
high  concentration  of  particles  within  plasmas  is  ideal 
for  a  system  without  CW  laser  ‘sensing’  of  particles. 


5.  Conclusions 

We  have  demonstrated  tiie  ability  to  simultaneously 
detect  and  analyse  individual  particles  at  least  as  small 
as  0.02  The  ability  to  evaluate  particle  size  allows 
further  characterization  of  the  ensemble  of  particles  to  be 
analysed.  Although  this  technique  has  not  been  applied 
to  plasma  particle  analysis,  it  should  nevertheless  work 
with  only  minor  modifications. 
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Abstract.  Potential  particle-forming  reactions  of  hydrogenated  silicon  cations  with 
silane  and  disilane,  in  the  presence  and  absence  of  water,  are  summarized.  The 
reactions  are  studied  in  the  ion  trap  of  a  Fourier  transform  mass  spectrometer  at 
10  '  10  ^  Torr.  Cations  react  sequentially  with  silane  to  produce  larger 
silicon-containing  ions.  In  general,  reaction  rates  decrease  with  increasing  number  .of 
silicon  atoms  in  the  ion;  no  ions  containing  more  than  six  silicon  atoms  are  formed  in 
reactions  with  pure  silane.  Reaction  with  disilane  produces  larger  silicon-con'aining 
ions;  reaction  rates  decrease  with  increasing  number  of  silicon  atoms  in  the  cation. 
The  largest  ion  produced  is  larger  than  for  the  silane  system  but  still  contains  less 
than  nine  silicon  atoms.  There  is  insufficient  reactivity  for  hydrogenated  silicon 
cations  in  pure  silane  or  disilane  to  produce  macroscopic  particles.  Mixtures  of  silane 
or  disilane  containing  7%  water,  however,  significantly  enhance  the  growth  of  ions.  In 
the  limit  of  our  measurements,  the  reactions  in  both  silane  and  disilane  do  not 
terminate. 


1.  Introduction 

Silicon-containing  ions  arc  readily  formed  In  silane 
plasmas  under  conditions  used  to  deposit  silicon  films. 
Since  some  ion/moicculc  reactions  go  much  faster  than 
neutral  reactions,  ions  may  be  responsible  for  rapid 
gas-phase  particle  formation  within  the  plasma  [I  6]. 
Veprek  <’t  «/  [7]  have  evidence  for  clustering  via  neutral 
species.  Perrin  ei  al  [8]  and  Howling  er  til  [9]  deter¬ 
mined  that  negative  ion  chemistry  leads  to  partielc 
formation  under  some  conditions.  Kushner  [10]  has 
modelled  positive  ion  chemistry  m  plasmas  to  under¬ 
stand  their  effect  on  particle  formation,  but  the  kinetic 
datf  required  for  modelling  was  sparse  prior  to  our 
studies.  We  have  examined  the  positive  ion  chemistry  of 
silane,  starting  with  the  monosilicon  ions  through  to  the 
final  reaction,  to  determine  whether  ( 1 )  positive  ions  are 
the  initiators  of  particle  growth  and  (2)  they  provide 
detailed  kinetic  information  for  modelling  studies.  In 
agreement  with  Howling  et  al.  we  found  that  cations 
termina'e  their  growth  at  small  cluster  sizes. 

Disilane  is  formed  in  silane  plasmas  and,  depending 
on  plasma  conditions,  may  represent  several  per  cent  of 
the  neutral  species  present  [7  101.  Since  disilane  has  a 
silicon  silicon  bond  that  is  weaker  than  the  silicon 
hydrogen  bond  [11],  more  extensive  ion/molecule 
chemistry  than  that  observed  for  silane  oecurs.  We  iiavc 
also  examined  the  ion  chemistry  of  disilane  through  to 
the  terminating  reactions. 

We  have  also  examined  the  ion  chemistry  of  silane 
and  disilane  in  the  presence  of  water.  Water  is  the  most 
common  background  constituent  in  vacuum  chambers 
and  its  concentration  increases  during  heating,  such  as 


when  a  plasma  is  ignited.  We  have  found  that  water  has 
a  profound  elfect  on  the  ion  chemistrv:  it  must  be 
seriously  considered  in  all  plasma  reactions. 


2.  Experimental 

The  ion  chemistry  of  silane  and  disilane  is  examined  in 
the  ion  trap  of  a  modified  Kxtrcl  FTMS-IOOO  Fourier 
transform  mass  s|)eetromcter  (ttms)  with  an  lonspec® 
Omega  data  system  (for  more  information  on  ITK  R  see 
[12  14],  The  I  TMS  ion  trap  is  an  electromagnetic  bottle 
that  stores  ions  in  the  presence  of  neutral  reagents. 
Storage  times  can  be  varied  from  0.002  to  >99s  which 
allows  considcriible  ion  chemistry  to  occur,  lon-mol- 
eculc  chemistry  is  monitored  hy  the  mass  spectrometer 
capabilities  inherent  in  the  ion  trap  technique  as  de¬ 
scribed  below.  Ions  arc  confined  in  the  X-Y  directions 
by  the  magnetic  field  and  in  the  /.  direction  by  the 
electrostatic  potential  on  the  trapping  plates.  Figure  1  is 
a  schematic  diagram  of  the  trapped  ion  cell.  Ion  motion 
within  the  cell  is  circular  in  the  Jf- V  direction  (perpen¬ 
dicular  to  the  magnetic  field)  with  a  cyclotron  frequency 
related  to  mass: 

III/:  -  A/f  +  (  (I) 

where  m/;  is  the  mass-to-charge  ratio,  /  is  the  cyclotron 
frequency,  ,4  is  a  constant  proportional  to  the  magnetic 
field  strength  and  i  is  a  constant  related  to  the  ion 
density  and  trapping  plate  voltage.  There  is  also  ion 
motion  in  the  Z  direction  (parallel  to  the  magnetic  field) 
at  a  lower  frequency  than  the  cyclotron  frequency.  The 
ions  arc  formed,  trapped  and  delected  within  the  trap- 
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FTM8  TRAPPED  ION  CELL 


Figure  1.  Schematic  diagram  of  a  cubic  trapped  ion  cell  in  a 
Fourier  transform  mass  spectrometer.  The  trapped  ion  cell  is 
located  in  a  2.97  T  magnetic  field  designated  by  B.  The 
plates  perpendicular  to  the  magnetic  field  electrostatically 
confine  the  ions  along  the  magnetic  field  axis  with  a  potential 
of  1  3  V.  Two  opposite  plates  are  used  for  the  rf  excitation 
to  coherently  excite  the  ion  cyclotron  motion  lor  detection. 
The  remaining  two  plates  are  detection  plates  for  receiving 
the  induced  charge  from  the  coherent  ion  motion. 


pcd  ion  cell.  During  the  ion  trapping  lime  the  ions 
collide,  and  possibly  react,  with  molecules  in  the  vacuum 
chamber.  Both  the  reactant  ions  and  the  product  ions 
remain  trapped  in  the  cell,  allowing  further  reaction  if 
desired,  until  the  reaction  is  quenched  by  taking  a  mass 
spectrum  of  the  entire  ion  ensemble  in  the  cell.  This  is 
accomplished  by  coherent  excitation  of  the  cyclotron 
motion  of  the  ions  by  a  swept  rk  frequency  pulse 
(applied  to  the  transmitter  plates)  that  covers  the  entire 
frequency  range  of  the  trapped  ions  in  the  cell.  This  is 
typically  from  3  MHz  (m/z  =  15)  to  150kHz  (m/z  = 
300).  After  this  excitation  pulse,  the  current  induced  in 
the  detect  plates  by  the  coherent  motion  is  digitized, 
Fourier  transformed,  and  then  the  resulting  frequency 
spectrum  calibrated  in  terms  of  mass-to-charge  ratios. 
By  this  technique,  the  intensity  of  every  ion  in  the  cell  is 
determined  simultaneously.  If  a  sufficiently  long  detec¬ 
tion  time  is  used,  high  mass  resolution  is  obtained 
(>  10000).  Mass  resolution  is  defined  as  m/Am  where  m 
is  the  measured  mass  of  the  ion  and  Am  is  the  width  of 
the  peak  at  half  height.  An  additional  feature  is  the 
ability  to  accurately  measure  the  ion's  mass  and  thereby 
assign  elemental  composition.  Since  there  are  few  ele¬ 
ments  present  in  the  system,  this  might  seem  unneces¬ 
sary.  However,  a  reaction  with  background  moisture 
occurs  to  form  products  containing  an  oxygen  atom 
This  will  cause  overlap  of  two  ions  with  dilTercnt  elemen¬ 
tal  compositions,  e.g.,  Dg  versus  "’O  (Am  =  0.1 17  amu) 
or  ''’Oj  versus  SiDj  (Am  =  0,015  amu).  High  mass 
resolution  coupled  with  accurate  mass  measurement  is 
used  to  confirm  the  elemental  composition  of  each  ion 
detected. 

Double  resonance  ejection  is  a  technique  for  the 
removal  of  an  ion  from  the  trapped  ion  cell.  Ejection  is 
accomplished  by  applying  to  the  excitation  plates  an  Rr 
signal  whose  frequency  matches  the  cyclotron  frequency 


of  the  ion.  In  this  manner,  either  removal  of  ions  of  a 
single  mass  or  of  all  ions  except  for  a  single  mass  is 
possible.  The  reaction  chemistry  of  the  remaining  ions  in 
the  trap  is  easily  followed  by  increasing  the  lime  between 
ion  ejection  and  ion  detection  (trapping  lime).  To  evalu¬ 
ate  the  reaction  sequence  for  ions  of  a  particular  mass, 
these  ions  are  ejected  and  the  resulting  mass  spectrum 
(double  resonance  spectrum)  is  compared  to  a  mass 
spectrum  without  ion  ejection.  Product  ions  of  the 
ejected  ions  will  be  absent  in  the  double  resonance 
spectrum.  Alternatively,  all  ions  except  those  of  the  mass 
to  be  monitored  are  ejected.  Although  this  can  be  more 
difficult  to  accomplish,  the  mass  spectra  only  show 
product  ions  for  the  reactant  ions  of  a  single  mass. 

Silanc-d,  (MSD  Isotope  Co,  99.7  at.%),  disilane-dj 
(Cambridge  Isotope  Laboratories.  98  at.%),  and  DjO 
(MSD  Isotope  Co,  99.7  al.%)  arc  used  without  further 
purification.  Isotopic  purity  is  confirmed  by  mass  spec- 
tromctric  analysis.  Introduction  of  DjO  required  a  delay 
(I  2h)  until  background  protiated  water  had  been 
replaced  with  dculcratcd  water.  The  cITective  isotopic 
purity  of  DjO  in  the  trapped  ion  cell  is  95  98  al.%  for 
most  experiments. 

When  spectra  are  obtained  at  dilTcrent  reaction 
times,  the  pseudo  lirsl-ordcr  reaction  kinetics  can  be 
monitored.  Figure  2  presents  ion  intensity  plotted  as  a 
function  of  time  for  the  reaction  of  SiD*  and  its  product 
ions  with  SiD,.  Since  the  total  number  of  ions  contained 
in  the  ion  trap  is  limited  (less  than  10'’),  the  reactant  gas 
is  in  relatively  infinite  supply  since  there  is  a  constant 
flow  through  the  cell  of  new  gas  from  an  external 
reservoir  via  a  variable  leak  valve.  Thus,  the  ion/mol- 
ecule  reaction  kinetics  may  be  evaluated  easily;  the 
pseudo  first  order  rate  constant  may  be  converted  to  an 
absolute  rate  constant  by  incorporating  the  absolute 


Flgoro  2.  The  time  evolution  for  the  intensity  of  SiD  '  and  its 
product  ions  in  the  presence  of  SiD,.  SiD  ‘  is  formed  by 
electron  impact  on  SiD,  in  less  than  5  ms.  The  population  of 
SiD '  is  contained  in  the  ion  trap  ailowing  it  to  collide  and 
react  with  the  ambient  SiD,.  Ali  product  ions  are  retained 
within  the  trap,  undergoing  their  own  collisions  with  SiD,.  The 
time  evolution  is  sampled  at  discrete  times  and  plotted.  The 
full  curves  through  the  data  points  represent  kinetic  fits  to  the 
data  with  the  product  ion  fits  constrained  by  the  rate  constant 
for  the  decay  of  the  reactant  ion. 
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concentration  (pressure)  of  the  reactant  gas  [IS],  In  this 
manner  the  reaction  rates  for  all  the  ions  may  be 
obtained.  The  ftms  is  operated  at  2,97  T  with  typical 
conditions  as  follows:  trapping  plates  voltage,  I  3.S  V; 
RF  chirp  rate,  6(X)0Hz  /rs"';  rf  chirp  intensity,  120- 
240Vp-p;  reactant  gas  pressures,  1  100x10'’  Torr; 
electron  ionization  energy,  12  80eV.  The  initial  ion 
kinetic  energy  is  limited  by  the  trapping  potential  (3.S  V 
maximum),  but  is  quickly  thermalized  to  the  gas  tem¬ 
perature  (300  K)  by  non-reactive  collisions  with  silane. 

Phase  space  theory  (pst)  is  used  to  compare  critical 
transition  state  energies  from  ab  initio  calculations  by 
Raghavachari  [16-19]  to  values  derived  from  the  reac¬ 
tion  kinetics  measured  in  the  ftms  trapped  ion  cell.  The 
excellent  agreement  (typically  within  3  kcal  mol'  ')  gives 
strong  support  to  the  accuracy  of  the  calculated  transi¬ 
tion  state  energies  as  well  as  the  proposed  reaction 
mechanism.  The  details  of  the  calculations  will  not  be 
described;  they  may  be  found  elsewhere  [16  19].  How¬ 
ever,  the  energetics  of  the  microscopic  reaction  pathways 
derived  from  experiment  and  pst  calculations  permit 
extrapolation  of  the  experimental  data  for  the  pure 
silane  and  pure  disilane  systems  to  higher  pressures  so 
as  to  compare  with  plasma  reactor  pressures. 


3.  Results  and  discussion 

3.1.  Silane  reactions 

Reactions  of  SI,D,*  with  silane  proceed  to  terminal 
(unreactive)  cations  containing  less  than  7  silicon  atoms. 
Sequential  ion/moleculc  reactions  with  silane  arc  shown 
in  equations  (2)  (5).  For  conciseness,  the  explicit  neu¬ 
tral  reagent,  SiD^,  and  neutral  products  are  not  shown; 
only  the  ionic  reactants  and  products  arc  given.  The 
reaction  rates  are  illustrated  in  figure  3  and  listed  in 
table  1  [20  25]  Although  the  initial  reactions  proceed 
near  the  collision  rate  (except  for  SiD/),  the  reaction 
rates  decrease  with  incre.asing  number  of  silicon  atoms 
until  a  non-reactive  species  terminates  the  reaction  se¬ 
quence.  This  decrease  in  reaction  rate  with  number  of 
silicon  atoms  in  the  reacting  ion  Is  apparent  in  figure  3. 
The  largest  ion  produced  from  each  initial  reactant  ion 
is  shown  in  table  2.  Clearly,  positive  Ion  chemistry  is  not 
responsible  for  gas  phase  particle  growth  in  pure  silane 
plasmas.  In  agreement  with  the  findings  of  Howling  ei  al 
[9]: 

Si*  -^SijDz*  -*Si3D;  -.Si„D„*  -.Si,Dro-'NR  (2) 
SiD*  -SijDjfO-Si^D,*  -.Si^D,*  -.Si,D[i  -  NR 

(3a) 

Si2D.((ll)- NR  (36) 

Sio;  -^Si^o; -.NR  (4) 

SiDj*  -.SijD,*  -SijD,*  -.Si*D,*,  -  NR  (5a) 

'N.SijD,*  -  NR.  (56) 

Raghavachari  has  used  accurate  ab  initio  calculations  to 

elucidate  the  structures  of  all  of  the  ions  and  reaction 
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Figure  3.  Plot  of  the  absolute  pseudo  first-order  reaction 
rates  for  Si.Dy  with  SiD..  The  paired  numbers  x,  y  represent 
number  of  silicon  atoms  and  deuterium  atoms,  respectively, 
in  the  reactant  ion.  Paired  numbers  in  brackets  represent 
unreactive  ions  whose  position  indicates  the  upper  limit  of 
reaction  rate.  This  graph  illustrates  the  decreasing  reactivity 
of  Si,D,'  with  increasing  x. 


intermediates  involved  in  equations  (2)  (5).  From  his 
calculations,  we  can  understand  in  detail  why  reaction 
of  unsaturated  silicon  cations  with  silane  leads  to  un- 
rcactivc  ions.  One  reason,  typified  by  Si,D|*o,  is  that  the 
reactive  centres  become  saturated,  resulting  in  a  large 
energetic  barrier  to  further  reaction.  The  reactions  lead¬ 
ing  to  Si,D|*n  involve  three  sequential  additions  of  silane 
to  Si  *  (equation  ( I )),  with  each  addition  followed  by  1,  2 
elimination  of  Dj,  to  produce  Si.D^  (see  scheme  I  for 
final  reaction  step).  Subsequent  reaction  of  Si.D^  with 
silane  produces  the  intermediate  Si,D[(,  (structure  il, 
scheme  2)  which,  lacking  deuteriums  on  neighbouring 
silicon  atoms,  cannot  undergo  1.2  elimination  of  D^. 
This  Si,D[o  intermediate  is  observed,  however,  because 
it  can  be  collisionally  stabilized.  The  second  reason, 
typified  by  SijD, ,  is  the  formation  of  internal  hydrogen 
(deuterium)  bonds.  The  internal  hydrogen  bonding  in 
SijDl  is  sufficient  to  stabilize  il  from  further  reaction, 
except  for  simple  silane  attachment  to  produce  Si.Dj*,. 
The  calculated  transition  state  energies  fur  reaction  of 
SijD^  with  and  without  hydrogen  bonding  reveal  the 
effects  of  that  stabilization  (figure  4);  further  reaction 
would  be  exothermic  only  if  hydrogen  bonding  did  not 
occur. 
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3.2.  Disilane  reactions 

The  reactions  of  Sii-^Dd  „  in  pure  disilanc  lead  to 
unsaturated  ions  containing  less  than  nine  silicon  atoms. 
The  reaction  rates  are  illustrated  in  figure  5  and  listed  in 
table  1  [15],  As  for  the  silane  system,  reaction  rates 
decrease  with  increasing  number  of  silicon  atoms  until  a 
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Figure  4.  Schematic  energy  profile  for  reaction  of  Sij  D/  with 
SiD<.  Both  the  higher  energy  open  form  and  the  lower 
energy  cyclic  form  of  Si^D,'  are  depicted  on  the  left.  The 
transition  state  to  form  products  lies  2  kcal  mol  '  belo  v  the 
high  energy  form  but  6  kcal  mol  '  above  the  low  energy  form 
actually  present  in  the  reaction.  The  8  kcal  mol  '  of 
hydrogen  bonding  stabilization  is  sufficient  to  prevent  further 
reaction  (except  collisional  stabilization  of  SI4  0,',.  an 
unreactIve  product).  Taken  from  [19].  Note  that  substitution 
of  deuterium  tor  protium  has  an  insignificant  effect  on  relative 
energies. 


Table  1.  Rate  constants  for  reaction  of  SI.D/  with  SiD4 
and  81,0,. 


Reactant  ion 

Rate  constant  ( x  1 0"’) 

(cm’  mol  ‘ '  s "  ')• 

with  SID, 

with  Si,D, 

Si* 

6.9  ±  0.3 

20  ±2 

SiD* 

12±2 

19  +  4 

SiD2* 

21+3 

40  ±6 

SiDa* 

0.6  ±  0.1 

6±  1 

Si,* 

2.5  ±  0.4 

14  +  2 

Si,D* 

— 

10  +  2 

SijOj* 

0.32  +  0.04 

4.6  +  0.5 

SijDdd) 

7.5  +  1.5 

5.8  ±  1.7 

Si,D,*(ll) 

<0.003 

<0.004 

<0.005 

3.6  +  0.4 

0.28  +  0.10“ 

7  +  1 

SijDe 

— 

9.5+  1.5 

Sid 

4.8  +  0.7 

— 

Si,D- 

— 

14  +  2 

0.010  +  0.003 

0.02  +  0.01 

81303 

— 

2.7  +  0.3 

Si,D; 

1.7  +  0.3 

9.4  +  0.2 

5  +  1 

8  +  4 

Si3Dg 

— 

3.9  +  0,4 

0.0023  +  0.0004* 

0.34  +  0,03 

Si,Dd 

— 

0.64  +  0.21 

8130^ 

— 

3.5  +  1.5 

Si; 

<0.003 

— 

81402* 

1.8  +  0.3 

— 

Si.o; 

— 

<0.05 

— 

2.2  +  0.8 

si.D;(i) 

— 

0.13  +  0.02 

SuDdlll) 

— 

13  +  4 

Si40e 

0.0010  +  0,0003“ 

0.55  ±0.11 

1.1  +  0.8“ 

2.7  +  0.7 

— 

0.84  +  0.14 

Sho; 

— 

<0.002 

Si,D;„ 

— 

<0.03 

Si^D,’, 

— 

0.07  ±  0.02 

Si; 

0.8  ±  0.1 

0.036  ±  0.009 

— 

SisD; 

— 

0.19  ±  0.04 

SiAd) 

— 

<0.005 

SisD/dl) 

— 

0.04  +  0.01 

Si,D; 

— 

0.90  ±  0.27 

Si^Ds 

— 

1.5  +  0.5 

— 

0.054  +  0.C01 

Si^D,-. 

— 

<0.005 

— 

<0.005 

Si,- 

<0,001 

— 

SigD; 

<0.01 

— 

<0.01 

— 

SigDa 

— 

0,04  +  0.03 

SifiDp 

— 

0.8  +  0.3 

SigDto 

— 

0.10  +  0.05 

SigD,, 

— 

<0.004 

SieOi2 

— 

<0.004 

Si,- 

<  0.005 

— 

Si,D,\(l) 

— 

<0.009 

Si,D„(ll) 

— 

0.02  +  0,01 

Si,D,-, 

— 

.,0.002 

Sig0,3 

— 

<0.1 

*  Rales  exclude  isotope  exchange  reactions. 

“  Measured  al  silane-d.  pressure  ol  2,0  »  10  '  Torr. 

'  Measured  at  silane-d,  pressure  of  1  0  x  lO  ^  Torr 

"  Measured  at  silane^  pressure  of  2  0  x  10  Torr 

*  Measured  al  silane-d,  pressure  d  b  6  x  10  ‘  Torr 
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Table  2.  Terminal  ions  in  the  silane  and  disilane  system. 


Neutral 

reactant 

Si‘ 

SiD* 

SiD/ 

Initial  reactant  ion 

SiD3*  Si2^ 

SijD* 

St2D0 

SiD, 

SijDo 

Qi  n- 

%d: 

Si30g  Si^Og 

SifOjj  SiyOiQ 

(SuD,*)* 

*  Poor  signaMo-noise  prohibited  evaluation  of  this  reaction  sequence  beyond  Si^  D,* . 


Oh 


f  -1 

I 


O 

1 

a> 

cc 


-2 


■3 


1,0 

1,1 


2.0 

2.6 

H 


3.1  4.5(11) 

3.4 


3.6 

o.y 

3.3 


3.8 

37 

3,2 


(2,3(1)) 


4.7 

4.4 


4.8 

4.6 


4.5(1) 

4,11 


b..i 

5.8 


5.C 

5,5 


(8,131 


|4,3j  5,10 

57(111  6  8 

(4101  |6,8| 


7  11(11) 
17,11(1)1 


(5  11) 

(5  7(11)  16  12) 
(5  13)  Ij,,! 


(4  9| 


(7  12) 


2  4  6 

Number  ot  Silicon  Atoms 


Figure  5.  Plot  of  the  absolute  pseudo  first-order  reaction 
rates  (or  Si,D^'  with  SijDj.  The  paired  numbers  x,  y 
represent  number  of  silicon  atoms  and  deuterium  atoms, 
respectively,  in  the  reactant  ion.  Paired  numlTers  in  brackets 
represent  unreactive  ions  whose  position  indicates  the  upper 
limit  ol  reaction  rate.  This  graph  illustrates  the  decreasing 
reactivity  of  Si.D^'  with  increasing  *. 


terminal  structure  is  reached.  The  reactions  terminate 
for  similar  reasons  as  the  silane  system.  As  shown  in 
table  2,  the  riactlons  proceed  to  larger  terminal  ions 
than  for  the  silane  system. 

A  comparison  of  the  energetics  for  the  reactions  of 
SijD,*  with  silane  and  disilane  demonstrates  the  reason 
for  further  reaction  in  the  disilane  system,  I'igurcs  6  and 
7  jllusiralc  the  transition  stale  energies  for  reaction  ol 
Si.D^  with  silane  and  disilane,  respectively  The  energy 
of  the  transition  state,  TS.  is  nearly  endoergic  with  the 
rcaclah,.  energy  for  the  silane  system.  Reaction  of  SijD,' 
with  di.iiane,  in  contrast,  involves  no  transition  stale 
energy  higher  than  the  product  energy.  The  energy 
barrier  for  the  silane  system  is  0,7  kcal  mol  '  lower  than 


Reaction  Coordinate 

Figure  6.  Schematic  energy  proiile  (or  reaction  o(  SijD^'  with 
SiO..  Note  that  the  energy  oi  the  transition  stale  leading  to 
product  formation,  TS.  is  0.7  kcal  mol  '  lower  than  the 
energy  ol  the  reactants.  Taken  (rom  (19).  Note  that 
substitution  oi  deuterium  tor  protium  has  an  insignificant 
effect  on  relative  energies. 


Reaction  Coordinate 

Figure  7.  Schematic  energy  proiile  for  reaction  ol  SijDj  with 
SijD,.  The  transition  slatec  (not  depicted)  have  not  been 
calculated  but  are  believed  to  lie  well  below  the  energy  of  the 
reactants.  This  belie!  is  supported  by  the  high  measured 
reaction  elliciency  (60%);  Taken  irom  ['9,26).  Note  that 
s,„bstitution  of  deuterium  for  protium  fias  an  insignificant 
eliecl  on  relative  energies. 
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SiDj^  +  SIO4  Clustering  Reactions 
With  and  Without  DjO 


50  100  ISO  200  250  300  350  400 


so  100  ISO  200  250  300  350  400 


Mass  (AMU) 

Figure  8.  The  upper  mass  spectrum  illustrates  the  extent  of 
ion/molecule  reactions  in  pure  silane.  Additional  reaction 
time  does  not  alter  the  mass  specirum.  The  middle  mass 
spectrum  illustrates  the  extent  of  reaction  under  the  same 
conditions  as  the  jpper  figuro  plus  addition  of  7%  water.  The 
lower  n.  tss  spectrum  illustrates  that  additional  reaction  tirno 
in  the  p  eserice  of  water  results  in  formation  of  larger  ions. 
There  is  no  evidence  for  growth  to  cease.  Note,  however, 
that  some  ions  in  the  lower  two  figureu  do  not  react  further. 

the  reactant  energy  whereas  the  energy  barrier  for  the 
disilane  system  is  19  kcal  mol"'  lower  than  the  reac¬ 
tants.  This  dilTerence  in  energy  barriers  is  reflected  in  the 
reaction  rates;  reaction  with  silane  is  5%  cflicicnt  where¬ 
as  reaction  with  disilane  is  60%  cITicicnt. 

Lower  reaction  barriers  for  the  disilane  sy:tem,  com¬ 
pared  with  the  silane  system,  explain  why  the  disilanc 
reaction  sequences  proceed  several  more  steps  before 
terminating.  They  do  terminate,  however,  at  siecs  far 
smaller  than  observable  particles,  preventing  particle 
growth  via  positive  ion  chemistry  in  a  pure  disilane 
plasma. 


3.3.  Water-enhanced  reactivity  of  silane  and  disilane 

■Addition  of  w-ater  to  either  silane  or  disilanc  sufficiently 
alters  the  positive  ion  chemistry  so  as  to  allow  unre¬ 
strained  growth  of  positive  ions  containing  both  silicon 
and  oxygen  [26].  The  chemistry  is  of  Si,  0/  with  neutral 
silane  or  disilanc  and  with  neutral  water.  No  ions  from 
water  are  involved.  Figure  8  compares  a  mass  spectrum 
for  pure  silane  ion  chemistry  with  a  mass  spectrum  of 
7%  water  in  silane.  Whereas  pure  silane  chemistry 
terminates  at  m/z  =  162,  the  silane, /water  mixture  con- 


Si,.2Dx  4-  Si2De  Clustering  Reactions 
With  and  Without  D2O 


so  100  ISO  200  250  300  350  400 

Mau  (AMU) 


Figure  9.  Ttie  upper  mass  spectrum  illustrates  the  extent  of 
ion/molecule  reactions  in  pure  disilane.  Additional  reaction 
time  only  shows  the  slow  appearance  of  an  31,0,,  at  mass 
250.  The  middle  mass  spectrum  illustrates  the  extent  of 
reaciior  under  ihe  same  conditions  as  the  upper  figure  plus 
addition  of  7%  water.  The  lower  mass  spectrum  illustrates 
that  additional  reaction  time  in  the  presonce  of  water  results 
in  formation  nf  larger  ions,  "i  here  is  no  evidence  for  growth  to 
cease.  Note,  however,  that  su.ne  ions  in  the  lower  two 
figures  do  not  react  further.  A  comparison  of  this  lower  tigure 
with  that  of  figure  8  shows  that  a  greater  variety  of  masses 
ire  present. 

linues  unabated  beyond  rn/z  =  400.  This  additional  re¬ 
activity  is  even  more  pronounced  for  disilanc  (figure  9) 
for  conditions  similar  to  those  for  s.  ane.  This  additional 
reactivity  in  silane  can  be  traced  to  one  key  ion, 

The  intensity  of  all  the  high  mass  ions  are  reduced  due 
to  ejection  of  Si^D^  from  the  trapped  ion  cell  (sec  figure 
10).  The  high  mass  ions  do  not  completely  disappear 
since,  in  this  experiment,  only  the  ^*31407*^  isotope  has 
been  ejected;  the  Si4T)7*^  containing  one  ’“'Si  or  "'.si 
atom,  representing  roughly  30%  of  the  Si^D]  ion  popu¬ 
lation.  remain.  The  critical  change  in  the  chemistry 
involves  reaction  with  D^O; 

SijD,"  +  DjO  -*  Si,D,0*  f  Dj.  (6) 

In  subsequent  reactions,  the  cations  react  with  either 
silant  or  water  to  continue  the  ion  growth.  Without  the 
presence  of  water,  the  sequence  would  terminate  on  the 
next  reaction  with  silane: 

Si^O]  -t-  SiD^  -4.  .Si,Df,  NR.  (7) 

These  competing  pathways  produce  larger  ions  with  a 
range  of  oxygen  content.  Due  to  the  similarity  in  mass 
between  SiDj  and  Oj  (both  nominally  32amu),  there 
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Figure  10.  These  mass  spectra  illustrate  the  effects  of 
removing  selected  ions  from  the  trapped  ion  cell  prior  to 
reaction.  The  middle  mass  spectrum  is  indicatiite  cl  the  ion 
population  ptior  to  selected  ion  ejection.  The  upper  mass 
spectrum  illustrates  the  loss  of  Intensity  for  all  high  mass 
ions  due  to  ejection  of  ’'Si^  D; .  The  'ower  mass  spectrum 
illustrates  that  the  higher  mass  ion  intensities  are  unaffected 
by  removal  of  ’*8140,*  Only  the  ions  leading  to  the  formation 
of  “Si,  D/ ,  starting  with  SiD  ‘ ,  and  its  prixiuct  ions,  are 
responsible  for  all  of  the  high  mass  ions.  Note  that  in  the 
upper  mass  spectrum,  a  fraction  cf  the  high  mass  ion 
intensity  remains.  This  results  from  the  unejected  with 
one  ”Si  or  "Pi  present.  Subsequent  isotope  exchange  with 
"SiD4  results  in  typical  silicon  isotope  distributions. 


.lJ.JiLi_iia. .  j1  Ld  I-  iJjL  JjLiliJ^ 


Figure  11.  Formation  probabilities  of  all  of  the  silane 
attachment  products  lor  SIH^  and  Its  product  Ions  as  a 
function  of  silane  pressure  at  reaction  temperatures  of  300  K 
and  600  K.  Values  are  based  upon  phase  space  calculations 
[24]  using  ab  initio  calculated  structures  and  bonding 
energies  |19]. 

The  attachment  reaction  requires  coliisional  stabiliz¬ 
ation  to  remove  excess  energy;  thus  there  is  a  strong 
pressure  and  temperature  depcnoencc  for  this  reaction. 
Formation  of  attachment  products  at  I  Torr  occurs  with 
greater  efficiency  and  for  smaller  ions  than  under  our 
low  pressure  conditions  Figure  ll  illustrates  this  elTcct 
for  the  attachment  products  of  SiHj  and  its  produ.:t 
ions.  At  room  tcinpcraturc.  the  attachment  approaches 
100% efficiency  at  a  Torr  whereas  at  600  K  it  is  approxi¬ 
mately  10  50'’/'o  efficient.  Attachment  of  a  second  silane 

(or  disilanc)  molecule  is  far  less  efficient;  its  binding 
energy  is  significantly  reduced  relative  to  the  binding 
energy  of  the  first  molecule.  The  reactions  will  still 
terminate  at  small  sizc.s. 


are  ions  with  dilferent  elemental  compositions  for  the 
same  mass.  For  example,  consists  of  both 

Si^DjOj  and  Si5D,04. 

The  ubiquitous  presence  of  moisture  in  vacuum 
chambers  ma.kes  its  involvement  in  gas  phase  chemistry 
plausible.  When  it  is  considered  that  igniting  the  plasma 
also  heats  the  vacuum  chamber,  a  sudden  evolution  of 
copious  amounts  of  water  is  to  be  expected.  These 
events  coupled  with  the  ion  chemistry  described  above 
make  moisture's  involvement  in  the  formation  of  par¬ 
ticles  quite  credible. 

.1.4.  Effect  ol  high  pressure  on  ion/molecule  reactions 

The  ion  hemistry  in  silane  plasmas  at  approximately 
1  Torr  pressure  may  be  deduced  in  part  from  our  low 
pressure  (lO'^-lO"'  Torr)  studies.  Reaction  at  low 
pressuie  involves  competi’ion  between  two  reaction 
pathways;  addition  of  silane  (or  disilanc)  followed  by 
loss  of  a  neutral  molecule  (typically  Dj  or  SiD4,  respec¬ 
tively)  versus  simple  attachment  of  silane  (or  disilane). 


33.  Extrapolation  *0  actual  plasma  conditions 

Can  cation/moleculc  chemistry  produce  a  particle  of 
sufficient  size  that  it  will  spontaneously  grow  within  a 
silane  plasma?  Competing  against  the  growih  is  loss  of 
the  cation  by  ambipolar  diffusion  or  charge  neutraliz¬ 
ation.  However,  as  pointed  out  by  Perrin  et  at  [8J, 
although  trapped  particles  have  a  negative  charge,  a 
positively  charged  particle  could  be  neutralized  and  then 
capture  an  electron.  As  a  negatively  charged  particle,  it 
would  be  trapped  in  the  plasma,  allowing  sufficient  time 
for  growth  to  observable  sizes.  To  what  size  can  a 
particle  grow  prior  to  removal  from  the  plasma  and  is 
this  of  sufficient  size  to  allow  rapid  neutralization  and 
reionization?  We  can  answer  this  question  by  using 
typical  plasma  conditions  and  extrapolating  the  ion 
chemistry  we  have  observed.  The  relevant  plasma  con¬ 
ditions  arc:  0.1  Torr  silane,  E/P  of  100  V  Torr’  '  cm  ', 
electron  flux  density  of  10'  '  electron  cm  ^  s" ',  ambipo¬ 
lar  diffusion  of  2000  cm  '  for  Sill*,  and  a  maximum 
diffusive  travel  distance  of  I  cm  [6,  10].  Note  that  the 
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ambipolar  difTusion  is  inversely  proportional  to  ion 
mass;  the  diffusion  will  slow  as  the  particle  growth 
proceeds.  The  relevant  ion  chemistry  considerations  are: 
reaction  efficiency  with  silane  of  1%,  reaction  efficiency 
with  water  of  100%,  water  concentration  of  10"^  Torr. 
Assuming  these  reaction  efficiencies  continue  beyond  our 
observation  range,  there  will  be  10’  reactive  collisions 
per  second.  Under  these  conditions,  it  will  take  10  ms  to 
produce  an  ion  of  mass  ~  23  000  (average  of  23  amu  for 
either  SiHj  and  O  attachment).  This  ion  will  have  moved 
O.lScm  due  to  ambipolar  diffusion,  ff  reaction  ceases, 
electron  recombination  will  occur  in  1 1  ms  with  an 
additional  II  ms  required  for  electron  capture.  With  a 
diffusion  velocity  of  2.4  cm  s‘ ',  there  is  insufficient  time 
for  loss  from  the  plasma.  A  water  pressure  of  10“’  Torr 
lasting  <  1  s  is  not  unreasonable;  the  heat  from  the 
plasma  will  rapidly  desorb  water  from  the  wafer  and 
surrounding  chamber.  As  to  whether  the  ion/molecule 
reactions  will  proceed  to  23  000  amu  with  equal  reaction 
efficiency  is  unknown.  However,  we  do  observe  an 
increase  in  reaction  efficiency  upon  increasing  the  gas 
pressure  from  10“‘  to  10“’  Torr.  The  reaction  may  be 
even  more  efficient  than  stated  at  0.1  Torr.  Note  that 
although  our  studies  have  involved  primarily  per- 
deuterated  systems,  the  perproliated  systems  have  similar 
reaction  rates  and  identical  reaction  products.  Thus,  the 
scenario  described  here  is  plausible  under  silane  plasma 
conditions. 

The  presence  of  vibrationally  excited  silane  in  the 
plasma  will  alter  the  chemistry  to  some  extent.  We  have 
examined  reactions  of  ions  in  various  excited  states  [21]. 
The  low  energy  present  In  vibrational  states  (<6  kcal 
mol" ')  will  be  effective  in  making  an  unreactive  ground 
state  ion  reactive  only  if  there  is  a  great  excess  of  energy 
compared  with  the  reaction  barrier;  otherwise  the  reac¬ 
tion  is  inefficient  and  is  not  competitive  with  efficient 
cooling  by  the  silane.  This,  in  fact  will  not  aid  the  particle 
formation  process  as  demonstrated  by  the  reaction  of 
Si,  D/  with  disilane.  Having  disilane  as  a  reaction  partner 
lowers  the  reactant  barrier,  just  as  if  the  ion  had  excess 
vibrational  energy  for  reaction  with  silane.  Although  the 
disilane  reaction  proceeds  further  than  the  silane  system, 
it  is  still  halted  at  small  ion  sizes.  Thus  vibrationally 
excited  ions  will  not  significantly  extend  the  ion  growth. 


4.  Conclusions 

The  gas  phase  ion  chemistry  of  either  pure  silane  or  pure 
disilane  terminate  at  small  ions  containing  less  than  7 


silicon  atoms  and  nine  silicon  atoms  respectively.  Posi¬ 
tive  ion  chemistry  in  silane  plasmas  cannot  lead  to 
particles.  Addition  of  water  overcomes  the  kinetic  bar¬ 
rier  for  certain  larger  ions,  allowing  unabated  ion  chem¬ 
istry.  The  ubiquitous  presence  of  water  in  vacuum 
chambers  makes  it  a  plausible  initiator  for  particle 
formation  in  silane  plasmas. 
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Abstract.  Microscopic  cauliflowers  have  been  observed  in  a  suprisingly  diverse 
range  of  dusty  plasmas.  Their  microstructure,  as  analysed  by  electron  micrrjsctspy, 
is  consistent  with  growth  by  ballistic  deposition  rather  than  diffusion  limited 
aggregation.  The  morphology  of  the  grains  supports  the  inference  from  dust 
growth  kinetics  that  they  form  by  accretion  of  positive  ions  rather  than  neutral 
radicals.  The  dense,  amorphous  structure  is  capped  by  a  fractal  surlace  whose 
lexture  is  concisely  described  by  a  recursion  based  on  the  nriodified  midpoint 
method.  The  surface  texture  may  be  reconstructed  by  ion  bombardment, 
providing  a  quantitative  link  between  growth  kinetics  and  roughness  through  a 
Mullins-^ekerka  stability  analysis  of  Laplacian  growth. 


1,  Introduction 

Micrometer- sized  pailicles  have  been  observed  in  many 
plasma  sources.  Their  pis.-c.nce  fundamentally  alters 
the  plasma’s  propenier  and  can  seriously  coniaminaie 
industrial  processes,  most  notably  in  semiconductor 
manufacturing  1!|  While  the  ■•I'lc  id  dust  in  optical 
coating  operations  has  received  less  aiientUm.  the 
presence  of  optic.tl  inhomogeiieiiy  caused  by  dusi 
incorporation  might  prove  critical  in,  for  esample, 
high  quality  mirror  or  waveguide  fabrication  |2| 
As  information  processing  technology  moves  Iroin 
electrical  through  clecirtxiptical  (o  oplicil  logic,  dust 
conlamination  in  plasma  reactors  will  continue  to  impact 
process  conditions  and  device  yields. 

Particles  may  arise  either  from  surtaces  or  by 
homogeneous  growth  in  the  plasma.  Homogeneous 
growth  is  characterized  by  spherical  or  spheroidal 
symmetry,  and  it  is  with  these  spherical  grains  that  the 
present  article  is  concerned.  The  simplest  recipe  for 
growing  carbon  cauliflowers  uses  a  I  Torr  helium  or 
argon  plasma  with  graphite  electrodes  (figure  1)  i  1.  4| 
In  a  symmetric  geometry,  excitation  of  lens  of  kilohenz 
rapidly  provides  ample  dust  particles  which  are  trapped 
by  electrostatic  forces  and  can  be  audied  in  xitu  by  Mic 
scattering.  Similar  particles  of  other  materials  have  been 
re,x)ncd  in  a  11  MHz  argon  plasma  with  a  variery  of 
substrates  including  silicon  |-5,6|  and  aluminutr.  |71 

A  variety  of  dust  sires  and  shapes  have  been  reported 
in  deposits  from  a  H  kW  cascaded  arc  deposiiion 
reactor,  where  dust  grams  several  hundred  micromclres 
in  diameter  have  been  observed  (ligure  2)  1S|  The 
sinking  lealure  of  these  cartxm  conlaining  grams  is  their 
similarily,  on  a  larger  scale,  to  4(XI  nm  grams  giown  in 

0963-0252/94r030381»07$l9  50  C  1994  lOP  PoWisriing  Lid 


Ftgur*  1.  Scanning  electron  micrograph  ol  dust  obtained 
from  a  15  kHz  1  Torr  helium  plasma  with  5  cm  graphite 
electrodes  separated  by  2  cm.  The  dust  sample  was 
collected  wilh  a  swab  alter  several  hours  ot  discharge 
operation  Most  ol  the  grains  are  900  nm  in  diameter  wilh 
eight  per  cent  having  twice  this  diameter  and  about  two 
p-rcenl  having  a  diameter  ol  450  nm 

the  5  W,  15  kHz  helium  plasma  Anoihei  snuice  ol 
lexiurcd  spheroids  is  the  flowing  aUeigf  in  dejsosinon 
tcacior  in  which  nonlinear  opiical  uigaiiic  polymer  hlins 
are  synihesized  ihgure  |0| 

Many  dusiy  plasmas  have  m  soiiiniori  ihe  presence 
ol  teaciive  chemical  precursors  .ind  sieadily  flowing 
gas  The  observed  panicle  sues  and  siruciures  imply 
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Figun-  2.  image  of  large  dust  particles  grown  in  the 
cascadf'd  arc  reactor  at  Techmsche  Umversitoit  Eindhoven 
using  C.  H.  added  to  a  5  kW  cascaded  argon  arc  plasma 
Directly  above  the  scale  bar  and  shoe-shaped  outline  is 
a  doprossion  (proven  by  the  orientation  of  the  shadows), 
showing  the  spheroidal  shape  of  the  particles  which  have 
boon  implanted  into  the  growing  carbon  film  This  image 
IS  courtesy  of  Ad  Puuron,  TUE  Further  details  are  to  be 
found  m  reference  [11] 


Figure  3.  Ben/ene  polymer  dust  p.uliclo  culUKded  from  the 
tl--wing  afterglow  synthesis  leaclor  desr'.nbed  in  rt'liTonces 
Id]  arul  I  i:'l 

lesidi'iKi.'  Miik's  in  pl.e'ii.t  ii-eioiis  ■Ahikh  suhst.inii.ilK 
eVvOi'il  dll'  iioii'ina!  i  cm  derive  lll!U•^  .As  an 

illu  ll.ili'ih  >’i  ifu'  iiili’ipla'.  I'elwi'Cll  \\l.iy  Imkos  and 
(siiIiiU-  n1  ( iS.  I  li  I  e  we  TaielK  pieseiil  •«>iiie  lesiill'-  nii 
litiid  d'.ii.iinus  HI  llu.'  linwiiit'  alU  iL’Ii'W  as  IIkw  lelale 
l< '  o.nlii.  le  '-liape 

t  111  I  pi  MU  1  (Si  I  '.’oal  was  to  .1 1  la  Is  si'  the  mu  n  >sli  luiuie 
>a  \.nlt'll^  diisi  jsiiiK  !i’s  [niiii.iMl\  UMiip  liipli  nwi rliiimii. 
tie  Id  t  mission,  low  I'liei  si  am  mu  eiei  lion  mu  m»si  ojw 
I  lie  ino[j>holopies.  sm'.iii-  texiiiies.  ,iik1  then  vaiialhni 
lOdsii.MM  aspi'i  u  >1  die  I’laiiis  piosMh  mei'liaiusins 


Their  internal  slrueiuics  arc  consistent  with  ballistic 
deposition,  while  their  suitacc  icxluics  appear  to  have 
heen  rea»nstriiclcd  hy  ion  homhardincni  As  an  imlicator 
ot  a  m<»re  t|uanlilalivc  approach  we  also  present  a  siniple 
fractal  recursion  lor  desenhing  the  observed  siiitaee 
textures 


2.  Dust  structure 

fdeelri»n  niieroseopy  of  dust  collected  from  l.ihoratory 
plasmas  invt)lves  some  suhilelies  not  rcijiitred  tor 
examination  of  standard  melallurgiea!  samples.  We 
use  a  hijih  lestduitoii.  iovs  energy.  Iieki  emission 
scanning  electron  mieiosci^pe  |  l()|  to  mimini/e  charging 
t»l  uiicoated  samples  iiiui  to  tesoKe  suitace  lexluie  ol 
li)w  atomic  numhei  maleiial  such  as  (.arhon  l^rohe 
eurient  densities  .ire  ke[>t  low  lo  avoid  he.im  damage 
to  individual  grams  or  till ferenliid  charging  which  can 
cause  uiKHiated  elustcis  to  explode  like  poficorn  in  (he 
mic  roseope 

As  we  have  ie|M)ned  prevK’uslv  [  die  disinlnjiion 
ot  grain  si/es  m  the  I  ,■>  kll/  fu.’liiini  [dasma  with  graphite 
electrodes  is  neaiK  monodist\T‘'e.  .is  shiiwn  m  tigurc  I 
At  the  higher  inagnilK'alu>n  ot  ligiires  4  and  llie  surtace 
texture  and  inleinal  ol  individual  grains  .tie 

succnictlv  doscnlnul  a'-  laa |•'■^^orKimg  u>  sulnnieioinetie 
i. aiilitloweis  The  ladi.d  oi  column. ii  symmetiv  ot  these 
giaj>hiie  giaiiis  «•.  also  evideni  m  (ian''missiiiii  election 
imcioL’iaphs  (tigu'c  f>.  l-.Icction  dilliiiction  in  the  IIA1 
'.how  s  no  c!  .  siailimiv  in  ilie  dense  venires  ot  iluwe  gr.ims 
tor  dmiiaiiis  iaiger  ih.m  JO  nm  acioss 

I  he  silicon  giains  giown  in  a  M  Mff/  v[>ui(eMng 
diode  hs  Slenihnicliel  picsenled  in  this  ts'sue  |()1  h.ive 
siiml.ii  stiiicluic  end  (exluic  (  n.iins  on  .i  l.ngei  scale  Inn 
with  .i:»ah»ginjs  siiuclute  and  texliiie  .iiv  .iKo  to  he  louiiJ 
in  ligure  J.  Iigute  I!  ot  reieieiue  |.S|  ,ind  in  a  lecenl 
lhe'l^  (111-  Ihese  noiganu  tlora.  some  widi  di.imeleis 
eiealei  tli.in  100  //m,  weie  loiined  in  .i  vasc.uied  aic 
deposition  reavtoi  I  inallv,  in  ligine  d  we  show  ,i  dust 
pailkle  voile*,  led  lorni  a  low  powei,  llowing  .tlleiginw 
plasma  |0,  |  J( 

3.  Growth  mechanisms 

It  is  pn>halde  tfi.n  dii't  with  splieiu.il  oi  spheioidal 
svmmeliv  glows  f>s  fioinoi"  neons  pun  esses  (iivenlli.il 
glams  .sre  mowing  in  du*  g.is  [ihasi'  .e  vei\  low  jeutial 
j>ie>suies  of  plaiisdde  neuiia!  pievuisois,  one  inusi 
invoke  positive  uni  mllevlion  hv  the  l)elne  she. tills, 
whuh  sijiiotinds  the  ele.liiiallv  lliMlnig  [lariuli's,  lu 
.ivionni  ftti  oh'-eived  eo'wdi  lales  Idij  \\lial.  it 
aiiv liniig.  vio  the  sliiu  (me  and  le  xl m e  t  >!  die  gi  ai iis  I e '  i,m| 
.ihout  the  et*»wlfi  meihanisiiis' 

Slatting  witfi  the  woik  o|  Wilteii  and  Sandei  |M) 
the  piovess  ol  giowtli  tw  ditlusioii  hniited  .iggiegaiion 
I ).  \  I  has  t>een  exieiisjveh.  sindied  |  1 4  1  j  liieiesiili 
ot  diltusum  limited  aggiegaliou  .s  a  tiaiiai  ceonieliv 
wlitise  dimension  i"  linked  to  Ilie  '■hi"!  laiige  intci.uiioii 
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Figure  4.  >[  v  imagoo  of  dust  from  the  1 5  kHz  hcliufTi 
plasma  at  higher  magnification  illu'^trate  columnar  internal 
structure  and  surface  roughness  un  scales  of  tens  of  nm 

iH'tu^'cn  a  cluster  and  the  precursors  ^fitch  JiKusc  to 
its  sLirlacc  |U)|  A  simpler  iMovstli  mcclianisin.  tm 
whi.'h  particles  arrisc  alon^  sirai^hi  line  liaicclniifs. 
is  called  hallisiK’  dcjxisKion  ihOr  l  ari)  ssork  on  HI) 
•aiii^csicd  (hat  Iraciai  sduciurcs  uould  result,  hut  more 
rcccntl)  this  has  been  slutvsn  not  to  he  »hn  ease  |  17.  IX) 
Hallisiic  dc[)osition  lead-  to  dense,  amorphous  •,^»l^d^ 
with  suilacc  roucfincss  ifiai  h.is  (racial  scaling'  pio[x*iiK'. 
Oi  A  niaicii.ils  arc.  by  Lt»ntrasl.  tiactal  throu^jlioul 

A  I  //Ill  uiam  a*  room  lcni|ic('aiiuc  lot.iics.  bs  ciicil') 
equip. irtitioii.  at  a  trct|uctK'>  in  the  kilohcit/  r.inirc  The 
'ransK  tinu*  .uross  this  parliclc  toi  a  nculial  ladical 
precursor  is  ah.uK  Id  '  ^  Thcicttwe  neulial  tlii\e%  to 
the  itram  are  isoiiaipic  wiihm  the  solid  an^de  subtended 
hy  (he  suit.ice  INisinve  ion  fluxes,  tn  fonti.isi.  must 
resisoiid  to  loc'.il  electne  tields  at  the  pram  surf.ne 
The  elecinc  tiehi  aiises  from  the  in  patise  c  ii.ui’e  wbieh 
maint.iins  the  particle  at  the  plasma’s  lloalinp  jX)ienn  I 
,ind  yener.ites  an  ion  shealfi  f  or  .i  jHnfeci  spheie  the 
suiface  c'laiee  wmilti  lead  to  .i  railial  elrcliae  field  and 
cause-  txillistie,  mwanl  iraiceloiics  toi  [Ik  dept»sMinL’ 
mils  1  he  .iclual  eieeliic  held  a!  the  surtace  ol  a 
eharp'-d  i'aul(!lowt.T  is  more  complex,  but  ifie  es'eriti.il 
ditteierues  between  ionic  .iiul  neuli.il  lliixes  come  Innn 
llieii  isoiiopv .  or  lack  o|  il  and  then  collec  imn  ladn 
[Tillislie  deposition  leads  to  eonie.il  liepesits  siniiiai 
\o  tfiose  we  tind  in  '.lusis  (dasmas  f  fien  eone  .inple 
IS.  (or  small  anples,  ap|)rovimalel\  jiiof-UHtitinal  to  the 
.triple  w  iifi  w  (neh  tlie  b.iilistn  thix  appioaelies  llte  eiowth 
surl.i^e  |lh]  I  lie  densiiN  of  the  lesultiiip  einnpad 


Figure  5.  sim  image  of  dust  from  a  15  kHz  argon  plasma 
with  graphite  electrodes  showing  similar  texture  and 
structure  to  the  grams  grown  m  helium 

sirueluies.  itie  et»iisi.int  ot  proponmn.iiit)  lelaliiip  impact 
and  prowil)  anples.  and  die  louphness  ot  die  erowdi 
surtace  ‘.try  with  model  details,  I'ul  the  overall  structure 
.iiul  Mirtace  texture  p'ovide  an  apt  ilesenpiion  ot  our 
plasma  dust.  lU  conirasi,  the  lotjselv  (Xteked  sti.iciuie 
ot  1)1. A  elusieis.  whicli  liave  a  tiee  like  moiphohipv. 
IS  c|u.dit.iii\el\  incompatible  with  om  s(  M  and  iiM 
uuapes  We  conehide  th.ii  tfie  mieiostmc  line  ot  ttie 
dust  results  tmin  (>allistie  ilept»siiion  i.ithei  llian  ddtusion 
limited  apptep.jtion  I'he  reeulai  ennnai  secmenis  tU 
tlie  L'laiiis  lurlher  imputes  lona  piecuisoiv  siiut'  t.alion 
(luxes,  ineident  tm  die  she.ith  and  then  a*.  y.elei.iled  tyv 
the  elec littsl.itk  sheadi  held  wtiiih  suirounds  the  plain, 
all*  anisoliopii 

4.  Fractr^i  surfaces 

Wilde  the  uiteiioi  «>l  the  diisi  is  dense  .iiid  amoipfions 
the  ^urtace  h.is  .i  veiv  inteiesiim-,  inimiivelv  liaelal 
texture.  One  can  p.)!Mmoniousl\  sinnm.ui/e  this  u-xiuie 
UMiip  a  simple  liactal  aipoinhm  that  is  described  b'l 
stnicinres  embedded  m  two  ilimensions  in  reteieiue  [11 
I  he  .tppto.ieh  is  based  on  die  moililied  muipoinl  melhoil 
(701  |-  xteiisioii  i« » »»b|ei  ts  embedded  in  lliiee  ilimensn  ms 
IS  .iLH»in[>lisiicil  with  .i  'eiiiision  ouihned  in  tipine  / 
l*it»c  eeduie  lioin  a  {H'liil  Atorismiil  a  leiMhedion  Nexi 
d'aw  .1  line  horn  one  veilex  duonph  ine  eeniie  M  ol 
the  o(i|)osmp  l.u  e  IH  I  )  IUik  eed  to:  some  disi.mee  MX 
to  .1  |>oint  \.  whkli  mwv  detines  diiee  nevi  lii.iiiples 
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Fig;jre  7.  Modified  midpoint  fractal  '•ecursion  for  bodies 
embedded  in  three  d.mensions. 


Figure  6.  mv  imago  of  dust  showing  surface  texture  and 
inteinai  radial  symmetiy  No  evidoiice  of  crystallinity  was 
observed  in  the  electron  diffraction  from  thin  sections  or 
regions  as  small  ns  i’O  nm 

XiK',  Mil),  .iiut  \('l)  the  cunstuiction  tor  cncli 

ot  i1u.‘no  IrKiiiLili'''  uliik*  sc.iliny  MX  In  sour-  ti.jclioii 
/  I  ho  li.a’tioii  /  l^  tk’J  In  the  lract,il  dmK‘iiM*'n  of 
tlu.‘  lO'uhinu  Miifaoc,  so  that  siii.il!  vnii.iiion  ol  /  Ic-uK 
lo  vlr.iiii.itk  uti.inyi.s  'll  (lie  siiilnoo  loxiuiv  Hi 

( )no  also  IiikN  ih.ii  •.mmII.  i.iiulinii  lluctuniums  in  /  yivc 
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substrate.  Forces  due  to  pressure  gradients  are,  for  the 
case  considered  here,  four  orders  of  magnitude  smaller 
than  the  neutral  drag  or  thermophoretic  forces.  The 
irregular  shape  of  the  particle  in  figure  3,  combined  with 
the  fluid  dynamic  results,  suggests  sporadic  periods  of 
growth  as  seen  by  macroscopic  analogy  to  hailstones. 

Roughly  spherical  symmetry  is  the  dominant  motif 
observed  for  homogeneously  grown  grains.  Plasmas 
are  usually  run  for  many  hours  or  through  several  on- 
off  cycles  before  dust  is  collected.  Thus  there  is  the 
possibility  that  early  panicles  which  collect  on  the  wall 
are  reintroduced  to  the  plasma  and  experience  renewed 
growth,  resulting  in  an  oblate  or  distorted  structure 
such  as  is  seen  in  figure  12.  We  have  previou.'ly 
described  the  self-limiting  nature  of  ionic  growth  due 
to  reduction  of  electron  density  in  dusty  volumes  (4). 
A  micrometre-scale  spherical  grain  at  a  wall  will  be 
charged  negatively  when  a  new  plasma  i.s  initiated. 
The  combined  electrostatic  repulsion  between  the  wall 
and  grain  and  the  electric  field  of  the  ion  sheath  rriay 
overcome  the  force  binding  the  dust  to  the  wall  The 
grain  is  then  injected  into  the  plasma  and,  due  to  its 
size,  competes  for  the  ions  from  which  smaller  particle.s 
would  grow.  The  fact  that  grain  sizes  in  figure  I  are 
multiples  of  450  nm  supports  this  hypothesis,  as  do  the 
two  sets  of  grains  shown  in  figure  13.  The  two  smaller 
grains  have  a  common  texture  which  differs  from  the 
common  texture  of  the  two  larger  particles.  We  infer  that 
the  larger  particles  either  grew  under  different  plasma 
conditions  or  resulted  from  accretion  of  more  material 
on  dust  v^hich  reentered  the  plasma  region  during  an 
off-on  cycle. 

Particles  clearly  collect  on  reactor  walls  as  the 
plasma  is  cycled  on  and  off.  Whether  these  particles 
return  to  the  plasma  depends  on  myriad  details  for 
specific  reactors.  The  morphology  of  irregular  grains 
gives  an  indication  of  the  role  played  hy  dust  recycling, 
whether  by  flowing  gas  or  ejection  from  walls,  as  plasma 
conditions  are  changed. 

6.  Surface  modification 

In  noble  gas  plasmas  most  of  the  ions  which  impinge 
on  the  surface  of  a  growing  grain  will  be  chemically 
unreaciive.  They  may  still  play  a  role  in  texturing  the 
cauliflower  surface.  However  there  are  fundamental 
limits  to  the  surface  roughness  which  can  be  attained. 
Whether  by  diffusive  or  ballistic  fluxes  the  growth 
of  small  perturbations  is  coupled  to  the  solid  angle 
subtended  by  the  growing  surface.  In  either  case  one 
must  consider  the  stability  with  which  growth  at  various 
spatial  frequencies  may  occur. 

Mullins  and  Sekerka  presented,  using  harmonic 
analysis  in  an  important  and  elegant  paper,  the  stability 
criteria  for  growth  on  a  sphere  [22).  In  the  ab.sence  of 
an  equivalent  surface  tension,  smixuh  surface  growth  is 
expimemially  unstable;  whis^ers  grow  without  re.siraini 
A  restoring  force,  whether  by  true  surface  tension  or  an 
electrostatic  constraint,  is  crucial  to  the  stability  of  self- 
affine  or  Laplacian  growth.  Mullins  and  Sekerka  derived 
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FIgur*  9.  Schematic  outline  of  the  flowing  afterg:ow 
reactor.  The  cylindrical  glass  roactor  Is  10  cm  in  diameter. 
Axisymmetri.a  mooelling  of  the  gas  flows  is  bounded  by 
the  hatched  raglon  with  the  origin  (fl,  Z)  =  (0  0)  located 
where  about  1  seem  of  organ;:  is  injected  through  a  glass 
lube.  Argon  carrier  gas  (200  seem,  1  Torr)  Is  capacitively 
excited  by  5  W  of  rf  power  at  13.6  MHz.  An  organic 
precursor  such  as  benzene  or  thioohene  is  introduced 
downstream,  where  electron-ion  recombination  leaves  only 
metastable  argon  atoms  In  the  flow.  Mixing  of  the  organic 
and  motastable  Ar  leads  to  Penning  Ionization,  with  the 
resulting  organic  cations  producing  dense,  uniform  polymer 
film  on  the  5  cm  diameter  substrate  S.  The  distance 
betweon  substrate  and  Injector  along  7.  Is  12.5  cm. 
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Figure  10.  (a)  Common  logarilhri’  of  the  neutral  drag 
force  (Dynes)  acting  on  a  stationary  t  f^m  particle  and  (b) 
temperature  field  from  which  thermophoretic  forces  arc 
inferred  lor  conditions  descrihed  in  figure  9 
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Figure  11.  Concenlraticn  of  ionic  precursor  computed 
using  the  published  kinetics  for  reaction  of  thiophene 
with  metastable  argon  (9|  and  the  concentration  and  flow 
fields  from  the  Navier-Stokes  solutions.  The  precursor 
concentration  is  predicted  to  be  high  in  precisely  the  region 
where  the  forces  from  figure  10  would  trap  and  recycle 
growing  paiUcles. 


Figure  12.  Oblate  particles  whose  growth  has  been 
interrupted  and  renewed  in  the  15  kHz  helium  plasma  from 
reference  [3]. 

the  dispersion  relation  for  yniwth  of  instabilities  as  a 
funclion  of  spatial  frequency  and  found  a  wavelength 
above  which  growth  was  crilically  danij-ied.  The  fastest 
growth  occurs  for  a  spatial  ssavelenglh  A.,  =  y/Vilu 
where  /  and  do  are  the  capillary  and  diffusion  lengths 
lor  the  system.  Solids  such  as  graphite  oi  silicon  have 
capillary  lengths  ol  nanometer  order.  While  the  surfaee 


Figure  13.  Two  pairs  of  particles  from  the  same  sample. 
Note  the  common  texture  for  the  two  small  and  two  large 
particles  at  the  same  lime  that  the  small  and  large  grains 
diller.  We  inter  that  the  larger  grains  either  grew  under 
different  plasma  conditions  or  resulted  from  accretion  ol 
material  on  smaller  particles  which  were  recycled  by  the 
plasma  alter  switching  off  and  or. 


diffusion  length  for  impinging  species  is  not  known,  it 
seems  unlikely  that  ions  would  wander  far  after  colliding 
with  several  eV  ol  kinetic  energy.  I'ypical  scales  for 
both  /  and  <4  combined  with  llie  analysis  of  Mullins 
and  .Sekerka  suggest  guantilative  links  helwecn  surface 
roughness  and  the  mechanism  of  grain  growth  This 
connection  ap|)ears  worthy  of  further  study. 
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Tabl«  1.  Summary  o)  forces  (dynes)  on  a  stationary  dust  grain  In  a  1  Torr  Ar  piasme. 


Fne 

Neutral  drag 

5  X  lO-’r’n 

0.002  ISpjr'n 

r  In  /am 

ti  =  flow  velocity  (cm  s  ’) 
p,  =  gas  density  (g  cc~') 

Fg 

Qravltational 

3.82  X  10  *rV 

p  =  grain  density  (g  cc~') 

Tlwirmophoretic 

1.2  X  10  V»vr 

VT  In  K  cm  ' 

F.. 

Electrostatic 

1.6  X  lO  '^qE 

q  in  electronic  charges 
£  in  V  cm"' 

/=<! 

Ion  drag 

0.1 37  JO 

J  current  density  in  mA  cm“’ 

0  cross  section  In  cm^ 

Pressure  gradient 

5.5  X  lO  'V’VP 

VP  In  Torr  cm  ' 

7.  Conclusions 

The  microstructures  of  diverse  grains  which  arise  from 
homogeneous  processes  in  plasmas  are  clearly  consistent 
with  a  growth  mechanism  by  ballistic  deposition  rather 
than  by  diffusion  limited  aggregation.  The  combination 
of  a  dense,  compact  morphology  with  fractal  surface 
textures  and  rapid  initial  growth  rates  is  consistent 
with  accretion  of  positively  charged  precursors  through 
the  electrostatic  sheath  which  envelopes  floating  grains. 
The  microstructure  of  irregular  grains  imputes  fluid 
dynamics  and  injection  of  accumulated  dust  from  walls 
as  important  processes  in  dusty  plasmas.  There  is 
hope  that  a  more  quantitative  connection  between  the 
surface  texture  and  growth  mechanisms  will  result  from 
application  of  Mullins'  and  Sekerka's  Laplacian  growth 
analysis  to  the  inorganic,  mesoscopic  garden  of  dusty 
plasmas. 
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Abstract.  Particle  nucleation  in  a  thermal  plasma  reactor  occurs  as  a 
high-temperature  gas  undergoes  a  cooling  trajectory.  Cooling  leads  to  formation  of 
supersaturated  vapours,  which  causes  either  homogeneous  or  ion-induced 
nucleation.  Detailed  models  have  been  developeo  for  homogeneous  nucleation  in  a 
plasma  reactor,  including  discrete-sectional  models  and  moment-type  models.  The 
discrete-sectional  models  are  capable  of  incorporating  size-dependent  cluster 
property  data  as  these  become  available.  Calculations  in  which  a  one-dimensional 
cooling  trajectory  was  assumed  in  a  discrete-sectional  code  indicate  that  cooling 
rates  play  a  key  role  in  determining  the  final  particle  size.  Moment-type  models  are 
more  computationally  efficient,  and  have  been  coupled  to  two-dimensional  reactor 
transport  models.  A  two-dimensional  model  was  compared  with  experimental  results 
for  synthesis  of  iron  particles  over  a  range  of  conditions  in  which  the  volume-mean 
particle  size  ranged  from  roughly  20  nm  to  70  nm,  with  reasonable  quantitative 
agreement  lor  particle  size  versus  reactant  feed  rate.  The  major  weakness  of  current 
models  for  particle  formation  in  thermal  plasmas  is  the  lack  of  an  adequate 
understanding  of  ion-induced  nucleation.  Additionally,  there  is  considerable  need  for 
well-characterized  experiments  in  which  particle  sizes  are  determined  by  probe 
sampling  or  light  scattering. 


1.  Introduction 

Particle  formation  in  thermal  plasma  reactors  is  of 
interest  in  the  context  of  powder  synthesis.  A  wide 
variety  of  ceramic  and  metallic  powders  have  been 
synthesized  in  thermal  plasma  reactors  [I].  The  size  of 
these  powders  is  virtually  always  submicrornctrc.  and 
often  smaller  than  0.1  pm.  There  is  increasing  interest  in 
methods  for  producing  powders  with  average  particle 
sizes  smaller  than  0.1  pm,  which  can  be  consolidated  and 
sintered  to  create  nanophasc  materials  [2].  Thermal 
plasma  reactors  are  well  suited  to  high-rate  generation 
of  such  ultra-line  powders. 

Reactants  may  be  injected  into  a  thermal  plasma 
reactor  in  powder  form,  as  a  liquid  spray,  or  in  gaseous 
form.  If  the  reactants  are  injected  as  solids  or  liquids 
then  the  process  is  usually  designed  to  accomplish  their 
complete  vapourization  in  the  hot  plasma.  Gaseous 
species  in  the  hot  plasma  are  substantially  dissociated. 
The  gas  cools  after  flowing  past  the  high-lem|Tcrature 
core.  Finally,  particles  nucleate  and  grow. 


2.  Nucleation  mechanisms 

A  complete  model  of  particle  formation  in  a  thermal 
plasma  reactor  would  include  both  a  model  for  the 
plasma  and  a  model  for  particle  nucleation  and  growth. 


The  nucleation  process  itself  is  both  a  crucial  and  a 
poorly  understood  aspect  of  this  problem.  Ry  nuclcalion 
we  mean  the  growth  of  clusters  to  critical  size,  the  size 
at  which  they  are  as  likely  to  grow  as  to  decay. 

Particle  nucleation  in  a  thermal  plasma  reactor  may 
be  driven  either  by  physical  condensation  of  a  super¬ 
saturated  vapour  or  by  chemical  reactions  where  no 
supersaturated  vapour  exists.  In  the  former  case  (which 
we  term  physhal  mu  leatii>ii)  the  growth  of  clusters  to 
critical  size  can  occur  with  or  without  the  presence  of 
ions  as  nucleation  sites.  T  hese  two  cases  are  referred  to 
respectively  as  homoi/eneoiis  nuck'tilion  and  ion-iiijiueil 
nuclec'ioii.  We  use  the  term  cheniii  ul  mu  Ictit ion  to  de¬ 
note  the  case  in  which  subcritical  clusters  grow  to 
critical  size  by  a  sequence  of  chemical  reactions  rather 
than  by  physical  condensation  [3]. 

Chemical  nucleation  under  thermal  plasma  condi¬ 
tions  has  received  scant  attention.  Even  for  the  simplest 
of  systems  a  proper  treatment  would  require  data  on 
chemical  rate  constants  for  a  number  of  clustering 
reactions  at  high  temperatures,  which  data  arc  sparse  to 
say  the  least.  However,  chemical  nucleation  is  perhaps  a 
less  common  route  to  particle  formation  in  thermal 
plasmas  than  one  might  suppose.  As  the  plasma  cools 
chemical  clustering  cun  occur,  but  it  is  also  likely  that  a 
specific  vapour  becomes  supersaturated.  Because  con¬ 
densation  of  a  monomer  to  a  cluster  involves  attach¬ 
ment  by  a  relatively  weak  van  der  Waals  bond,  rate 
constants  for  physical  clustering  are  likely  to  be  several 
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orders  of  magnitude  higher  than  for  clustering  involving 
formation  of  chemical  bonds.  The  nucleation  process 
itself  can  be  physical  while  subsequent  growth  is  chemi¬ 
cal  and/or  physical.  For  example,  as  a  hot  plasma  cools 
a  material  such  as  silicon  carbide  (SiC)  can  be  formed 
by  chemical  nucleation,  or  it  can  be  formed  by  physical 
nucleation  of  supersaturated  silicon  vapour,  followed  by 
heterogeneous  reactions  at  the  surfaces  of  stable  clusters, 
diffusion  and  chemical  reactions  within  the  condensed 
phase. 

An  assessment  of  whether  homogeneous  or  ion-in¬ 
duced  nucleation  dominates  is  difficult,  though  such  an 
assessment  has  appeared  in  other  contexts  [4,  5].  A  first 
estimate  for  electron  concentrations  under  thermal 
plasma  conditions  is  that  they  are  given  by  their  equi¬ 
librium  value,  namely  by  the  Saha  equation.  Typical 
nucleation  temperatures  for  refractory  materials  arc 
roughly  2000  K,  and  in  most  systems  at  atmospheric 
pressure  the  equilibrium  degree  of  ionization  at  that 
temperature  is  extremely  small.  However,  the  primary 
mechanism  for  electron  recombination  in  this  regime  (if 
particles  are  not  present)  is  likely  to  be  three-body 
electron-catalysed  recombination,  which  is  slow  at  low 
electron  concentrations.  Therefore  the  electron  concen¬ 
tration  is  likely  to  be  frozen  at  a  value  characteristic  of 
equilibrium  at  some  higher  temperature,  the  value  of 
which  depends  on  the  temperature  time  trajectory  fol¬ 
lowed  by  the  plasma, 

Smirnov  and  Tishchenko  [6]  considered  ion-induced 
nucleation  of  titanium  particles  in  a  thermal  plasma  by 
following  a  one-dimensional  cooling  trajectory.  They 
modelled  nucleation  by  estimating  the  fritclional  ioniz¬ 
ation  of  titanium  vapour  at  the  instant  it  became 
saturated,  and  assumed  that  all  titanium  atoms  conden¬ 
sed  instantaneously  at  that  point  onto  all  the  titanium 
ions.  However,  this  calculation  neglects  the  experimental 
evidence  and  theoretical  arguments  for  an  energy  barrier 
to  ion-induced  nucleation.  That  is,  a  vapour  must  be 
supersaturated  for  either  homogeneous  or  ion-induced 
nucleation  to  occur  [7],  Also,  recent  experiments  [8] 
suggest  that  during  ion-induced  nucleation  only  a  small 
fraction  (about  0.1%)  of  ions  may  be  effective  as  nu¬ 
cleation  sites. 

The  theory  of  ion-induced  nucleation  [7,9  II]  is 
less  well  developed  than  for  homogeneous  nucleation, 
and  is  presently  incapable  of  predicting  the  observed 
dependence  of  ion-induced  nucleation  rates  on  the  par¬ 
ticular  ion  species  involved  and  on  whether  the  ion  is 
positively  or  negatively  charged.  A  further  complication 
is  that  growth  of  an  ion  cluster  can  be  terminated  before 
it  reaches  critical  size  by  capture  of  an  electron.  Ion 
clusters  may  be  more  clfective  at  scavenging  electrons 
than  are  atomic  ions,  particularly  via  dissociative  recom¬ 
bination. 

Thus  our  current  understanding  of  ion-induced  nu¬ 
cleation  is  unsatisfactory,  making  the  development  of 
detailed  models  for  thermal  plasma  reactors  a  difficult 
undertaking.  The  remainder  of  this  discussion  considers 
models  that  have  been  developed  for  homogeneous 
nucleation  in  thermal  plasma  reactors. 


3.  Modelling  approaches 

We  have  pursued  two  different  approaches  to  computa¬ 
tional  modelling  of  particle  nucleation  and  growth  un¬ 
der  conditions  appropriate  to  the  tiiermal  plasma 
regime. 

(i)  ‘Discrete'  models,  in  which  separate  rate  equa¬ 
tions  are  written  for  the  populations  of  monomers, 
dimers,  trimers  and  so  on,  up  to  some  specified  size,  with 
larger  sizes  treated  either  in  terms  of  a  continuous 
distribution  [12]  or  by  grouping  sizes  into  sections, 
these  sections  typically  being  spaced  logarithmically  by 
particle  volume  [13,  14], 

(ii)  'Moment-type'  models,  in  which  an  analytical 
expression  for  the  nucleation  rate  serves  as  a  source  term 
to  equations  that  describe  evolution  of  the  stable  aerosol 
in  terms  of  the  first  few  moments  of  the  size  distribution 
[15], 

Discrete  models  arc  more  rigorous  than  moment- 
type  models.  Unlike  moment-type  models  they  can  treat 
coagulation  among  subcritical  clusters,  and  they  require 
no  a  priori  assumptions  concerning  the  form  (for 
example,  log-normal)  of  the  size  distribution.  They  are 
capable  of  simulating  evolution  of  the  entire  size  dis¬ 
tribution,  including  subcritical  clusters,  thereby  resolv¬ 
ing  the  behaviour  of  the  size  distribution  during  the 
nucleation  burst. 

The  major  advantage  of  moment-type  models  is 
computational  economy.  Thermal  plasma  reactors  have 
steep  temperature  gradients.  As  nucleation  rates  are 
extraordinarily  sensitive  to  the  vapour  saturation  ratio, 
acceptable  accuracy  in  modelling  nucleation  by  cither 
approach  requires  extremely  small  time  steps  (equival¬ 
ently,  an  extremely  fine  numerical  grid).  Discrete  models 
require  solution  of  a  large  set  of  coupled  equations  at 
each  point,  as  a  result  of  which  their  use  is  presently 
restricted  to  one-dimensional  simulations.  (The  one-di¬ 
mensional  calculations  discussed  below  each  required 
approximately  300  s  t  I’U  time  on  a  Cray-2  or  Cray 
X-MP  supercomputer.)  In  contrast,  moment-type 
models  require  solution  of  only  a  few  equations  at  each 
point,  and  thus  can  realistically  be  coupled  to  a  two- 
dimensional  plasma  reactor  model.  Although  moment- 
type  models  calculate  only  the  first  few  moments  of  the 
size  distribution  (for  example,  the  number  of  particles,  a 
measure  of  their  mean  diameter,  and  the  width  of  the 
size  distribution),  this  information  is  adequate  for  most 
purposes. 

Results  obtained  using  a  discrete-sectional  model 
and  a  moment-type  model  have  been  compared  for 
simple  test  cases  [16],  If  the  classical  Becker  Ddring 
Zcl’dovich  expression  for  the  rate  of  homogeneous  nu¬ 
cleation  is  used  as  a  source  term  to  a  moment  model, 
and  the  usual  physical  assumptions  of  classical  theory 
are  utilized  in  writing  the  coagulation  and  evaporation 
coefficients  in  the  rate  equations  of  the  discrete-sectional 
model,  then  the  results  obtained  by  the  two  methods  arc 
remarkably  different.  However,  cxcelle.it  agreement  be¬ 
tween  the  two  approaches  is  obtained  if  a  modified 
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expression  for  the  nucleation  rate  is  assumed  in  the 
moment  model.  This  modification  is  derived  [17, 18]  by 
enforcing  self-consistency  in  the  expression  for  the  equi¬ 
librium  cluter  distribution,  which  is  required  for  evalu¬ 
ation  of  cluster  evaporation  rates  (see  equation  (10) 
below).  The  proposed  modification  multiplies  the  ex¬ 
pression  for  ihe  classical  nucleation  rate  by  a  factor  e®/S, 
wnere  S  is  saturation  ratio  and  0  —  as,/{k^T',  is  a 
dimensionless  surface  tension.  Here  a  is  surface  tension, 
.s,  is  monomer  surface  area,  is  Boltzmann’s  constant 
and  T  is  temperature.  Typical  values  of  0  for  refractory 
materials  undergoing  high-temperature  nucleation  are  in 
the  range  10  30. 


4.  One-dlmensio.tal  modelling;  discrete 
representations  of  the  cluster  size  spectrum 


Consider  a  dilute  condensable  vapour  f.nllowing  a  ;peci- 
fied  temperature  tirne  trajectory  along  a  fluid  stream 
line.  Accounting  for  the  fact  that  the  gas  density 
changes  for  non-isothcrmal  conditions,  one  can  write  the 
population  balance  equation  for  monomers  as 


i  /'!/''/+  i  ('  't'A  (I) 

C"  l\  > I  i  ■- ; 

while  for  dimers  and  all  larger  y-mers  (clusters  contain¬ 
ing  j  monomers)  one  can  write 


P'h 

bi 


1 


I  r/k  I 

*  j~k  I  •  j  ■■  k 


+  I'fin  -  h'k'fi  *■  >  -• 


(2) 


In  these  equations  fi;  d..'noles  the  number  of /-mers  per 
unit  mass  of  gas,  R  is  the  rate  of  monomer  generation 
by  gas-phase  chemical  reactions,  /f,^  is  the  collision- 
frequency  function  for  collisions  between  (-mers  and 
y-mers,  F.j  is  the  y-mer  evaporation  cocfticicnl,  and  the 
Kronecker  delta  function  d,,  accounts  for  the  fact  that 
two  monomers  are  created  by  dissociation  of  a  dimer 


The  collision-frequency  function  is  given  from  ideal 
gas  kinetic  theory  for  the  free-niolecule  regime  by  [19] 


where  r,  and  m,  are  respectively  the  radius  and  mass  of 
a  monomer.  Under  the  capillarity  approximation  (which 
assigns  to  the  cluster  a  surface  tension  equal  to  that  of 
a  flat  liquid  surface  in  equilibrium  with  its  vapour)  the 
evaporation  coefficient  can  be  written  [20] 

£y  =  P:.j- ,n,exp!0[y^'^  -  (y  -  l)^'"']}  (4) 

where  nJT)  is  the  equilibrium  monomer  concentration 
for  the  saturated  vapour. 

We  have  used  equations  of  the  form  of  equations  (I) 
and  (2)  in  a  discrete-sectional  approach  to  model  nu- 
clcation  rnd  growth  of  iron  [21],  magnesium  oxide  [22] 
and  silicon  [23]  under  high-temperature  conditions  at 
total  pressure  1  atm.  In  the  ca.se  of  iron  the  initial 
vapour  concentration  and  cooling  rate  were  treated  as 
free  parameters.  In  the  case  of  MgO  the  chemical 
generation  rale  R  in  equation  U)  was  obtained  by 
coupling  to  a  set  of  chemical  rate  equefions  describing 
formation  of  MgO  monomers  in  a  Mg  O  Ar  mixture. 
I'or  calculations  involving  silicon  the  temperature  tra¬ 
jectory  was  obtained  by  solving  the  onc-dimcn>ional 
contin  iily.  momentum  and  energy  equations  for  iscn- 
tropic  flow  through  a  nozzle  having  a  spttcified  ge¬ 
ometry.  correcting  the  lempcratuic  profile  to  account  for 
wall  heat  losses  and  for  ihe  rapid  heal  release  accom¬ 
panying  panicle  formation.  I'he  motivation  for  the.se 
last  calculations  is  that  we  are  currently  conducting 
experiments  in  wnich  silicon  and  silicon  carbide  aie 
synthesized  in  a  converging  nozzle  through  which  a 
thermal  plasma  expand- 

A  typical  .solution  lor  lure  evolution  of  the  particle 
size  distribution  is  shown  in  lig.tre  1,  from  the  silicon 
calculations,  for  conditions  corresponding  to  the  experi¬ 
ments.  We  assumed  that  the  gases  (Ar,  Hj  and  fiClj) 
had  ailcquate  time  to  reach  therniochemical  equilibrium 
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Figure  1.  Calculated  evolution  of  the  silicon  particle  size  distribution,  lot  flow 
through  a  converging  nozzle  [22].  Nozzle  inlet  temperature  3000  K.  Typical 
experimental  How  rates  are  assumed,  x  is  the  distance  from  the  nozzle  inlet. 
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at  the  nozzle  inlet  (in  this  case  at  3000  K),  bat  that  the 
chemical  composition  was  frozen  at  its  nozzle  inlet  value, 
the  nozzle  flow  time  being  less  than  0.4  ms  (this  latter 
assi  inption  was  supporter!  by  kinetics  calculations).  As 
seen  in  figure  1,  these  calculations  resolve  the  nucleation 
burst.  As  the  temperature  drops  along  the  nozzle  (from 
3000  K  to  about  2350  K)  the  silicon  vapour  becomes 
supersaturated.  At  a  location  .x  =  7  cm  from  the  inlet 
(and  at  ail  upstream  locations)  one  finds  a  monotoni- 
cally  decreasing  distribution  of  subcritical  clusters.  At 
X  =  8  cm  there  has  been  a  sudden  shift  to  formation  of 
larger  clusters,  the  homogeneous  nucleation  burst  is  in 
progress.  By  x  =  9cm  the  distribution  curve  has  devel¬ 
oped  a  sharp  minimum  at  particle  diameter  smaller  than 
1  nm.  The  shift  in  the  size  distribution  from  x  --  9  cm  to 
X  =  10cm  is  indicative  o'' growth  by  coagulation,  which 
will  continue  after  the  aerosol  e.vils  the  nozzle. 

These  types  of  calculation.;  have  provided  Insights 
into  the  role  of  cooling  rate  and  monomer  concentration 
in  alTecting  nucleation  dynamics  and  thereby  the  final 
particle  size.  For  example,  figure  2  shows  the  calculated 
evolution  of  the  mass-mean  diameter  lor  iron  particles 
with  three  different  cooling  rates.  The  cooling  rale  is 
seen  to  have  a  pronounced  effect  on  the  size  thai 
particles  attain  during  the  brief  nucleation  burst:  the 
higher  the  cooling  rate,  the  smaller  the  particle  that  is 
produced.  This  phenomenon  is  caused  by  the  fact  that 
there  is  a  characteristic  time  for  clustering,  given  by  r,.  = 
(^,  I  "i)  '■  if  the  cooling  rate  is  higher  then  the  vapour 
shoots  to  a  higher  critical  supersaturation  before  nucleation 
can  occur.  This  is  seen  in  figure  .1,  which  shows  the  evolution 
of  the  iron  vapour  saturation  ratio  S  for  two  dilTerent  cooling 
rates.  'The  higher  the  value  of  .V,  the  smaller  thcci  iticai  cluster 
size.  Therefore  a  higher  critical  supersaturation  corresponds 
to  many  more  clusters  being  matlc  stable  for  growth  (note 
tficdtstribution  ol'subcritio'il  clusters  in  figure  I ),  which  Ihcn 
occurs  rapidly  by  condcnsalion  from  the  supcrsaliiratcd 
v.ipour.  However,  the  t|uamily  of  vapour  available  for 
condensation  is  finite,  and  therefore  if  there  are  morcslable 


Figure  2.  The  effect  of  cooling  rate  on  calculated  evolution  of 
volume-mean  diameter  of  iron  particles  (20).  Initial  iron 
vapour  concentration  was  0,05%  by  volume  in  an 
atmospheric  pressure  argon  plasma. 


Temperature  (K) 

Figure  3.  Effect  of  cooling  rate  on  the  calculated  evolution  of 
the  iron  vapour  saturation  ratio,  for  same  conditions  as  in 
figure  2  [20], 

clusters  they  will  grow  to  a  smaller  size.  As  can  be  seen  in 
figure  2.  further  growth  by  coagulation  is  relatively  a 
second-order  cITcct,  The  same  arguments  support  the  result 
that  larger  vapourconcentralions  produce  larger  particles 
rather  than  more  particles.  There  is  evidence  from  thermal 
plasma  synthesis  experiments  to  support  qualitatively  ihc..c 
predicted  cITccIs  of  cooling  rate  [24.  25J  and  reactant 
concentration  [26.  27]  on  particle  size. 


5.  Two-dimensional  modelling;  moment 
representations  of  the  particle  size  spectrum 

A  limitalion  of  one-dlmensri'iial  models  is  that  most 
real  thermal  plasma  reactors  are  fiir  from  one  dimensional, 
because  the  walls  must  be  cooled  to  avoid  melting.  Thus 
particles  may  nucleate  in  the  cold  boundary  layer  near  the 
wall.  A  realistic  model  of  this  situation  dicrefote  requires  a 
full  two-dimensional  solution  ol  the  equations  that  describe 
the  plasma,  coupled  to  equations  describing  the  vapour  and 
aerosol  dynamics.  As  discussed  in  section  3  above, 
computational  economy  then  dictates  use  of  a  moment- 
type  model  for  the  aerosol  dynamics,  although  this  situation 
will  presumably  change  as  .imputational  i  osts  decrease 

The  kth  moment  of  the  particle  size  .listribution  is 
defined  by 

6fj  =  I  i’‘n(i'p)di„  (5) 

where  i],  is  particle  volume  and  nli  p)  is  the  size  distribu¬ 
tion  function.  The  balance  equation  for  the  kth  moment, 
accounting  for  various  elTccls  expected  in  a  thermal 
plasma  reactor,  can  be  written  in  general  form  as 

. . 

+  (M,)  tfimdcnsiii.inn  ^  (A'fjd. +  {M0  lhfrmi'phorf%i>.  (6) 

where  ir  is  the  fluid  velocity  vector  and  appropriate 
expressions  arc  required  for  each  of  the  rrms  on  the 
right-hand  side  [28,  29], 
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The  first  term  on  the  right-hand  side  is  non-zero  only 
for  fi  =•  0,  in  which  case  it  equals  the  nucleation  rati.  The 
modified  expression  for  the  nucleation  rale  discussixf  in 
section  3  is  given  by 


where  f,  is  the  monomer  volume. 

We  used  the  modified  nucleation  rate,  together  with 
equations  for  the  first  three  moments  of  the  particle  size 
distribution,  to  model  particle  nucleation  and  growth  in 
a  thermal  pl.isma  reactor  used  for  experiments  in  our 
laboratory  involving  synthesis  of  iron  powder  [27],  A 
detailed  discussion  of  the  expressions  used  to  model 
coagulation,  condensation,  diffusion  and  thermophoresis 
is  provided  elsewhere  f27, 29].  In  the  experiments  rela¬ 
tively  coarse  (5  9  pm)  iron  powder  was  coaxially  injec¬ 
ted  into  an  atmospheric  pressur.,  2.9  MHz  inductively 
coupled  RF  plasma.  The  powder  evaporated  in  the 
plasma  to  form  iron  vapour,  which  tfien  nucleated  to 
form  ultra-fine  panicles. 

The  plasma  velocity  and  temperature  profiles  were 
calculated  by  solving  the  fluid  continuity,  momentum 
and  energy  equations,  together  with  an  appropriate 
form  of  Maxwell's  equations  in  which  the  rf  current  in 
the  induction  coils  was  used  as  a  boundary  condition 
[30].  A  model  for  heating  and  evaporation  of  the  feed 
powder,  together  with  iron  vapour  diffusion,  was 
coupled  to  the  flow  equations.  'Base  case’  results  for  the 
reactor  temperature  distribution  are  shown  in  figure  4. 
Calculations  were  run  for  a  range  of  powder  feed  rates 
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Figure  S.  Calculateo  particle  distribution  in  downstream  tube 
(bottom  lube  of  figure  4)  [26]. 

corresponding  to  the  expcrimenlal  conditions.  Nu- 
cicati.Fii  of  iron  particles  is  predicted  to  occur  around 
the  1600  K  isotherm,  giving  rise  to  the  distribution  of 
particles  shown  in  figure  5.  (In  these  experiments  argon 
was  ira.ispircd  through  the  permeable  wall  of  the  lube 
downstream  of  the  plasma,  :o  as  to  suppress  >vall 
deposition;  this  was  included  in  the  model.) 

A  description  of  the  experimental  apparatus  and 
results  is  presented  in  [27],  Aerosol  measurements  were 
obtained  by  sampling  through  a  capillary  probe  inserted 
into  the  flow  near  the  downstream  end  of  the  reactor. 
The  samplei,’  aerosol  was  rapidly  diluted  by  a  venturi 


Axial  Location  (cm) 

Figure  4.  Calculated  temperature  distribution  in  the  plasma  reactor  for  synthesis  of 
iron  particles  under  typical  experimental  conditions  [26].  (a)  Iron  powder  is  Injected 
into  the  induction  coil  region  in  the  plasma  lube,  (b)  The  plasma  tube  is  followed  by 
a  1  m  long  tube  with  permeable  w^l  through  which  argon  is  fanspired. 
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Figure  6.  Comparison  of  volume-mean  diameter  calculated 
by  numerical  model  (O)  with  experimental  results  (•),  for  a 
range  of  iron  feed  rates  [26].  The  *cup-mixing’  diameter  is 
obtained  by  averaging  the  results  over  a  flow  cross  section. 


l{,j.,nUh,~Ejn)  (9) 

where  the  superscript  ‘e'  denotes  an  equilibrium  state. 
The  most  convenient  choice  of  equilibrium  state  is  that 
of  a  saturated  vapour  at  the  same  temperature  as  the 
system  in  question  [1 7, 35].  It  is  conventionally  assumed 
that  clusters  at  equilibrium  follow  a  Boltzmann-type 
distribution,  which  can  be  written 

=  exp^-^l^^  (lO; 

where  R  is  the  universal  gas  constant.  It  can  be  shown 
[36]  that  this  form  of  the  distribution  is  correct  provided 
that  AG(y)  denotes  the  standard  free  energy  change 
associated  with  the  'reaction'  in  which  one  mole  of 
monomer  vapour  plus  (]  —  I)  moles  of  liquid  equals  one 
mole  of  ]-mcr.  Combining  equations  (9)  and  (lO),  one 
obtains 


diluter  [31],  and  the  diluted  sample  was  directed  to 
several  instruments,  including  an  electrical  aerosol  ana¬ 
lyser  (TSI  3030),  which  provided  particle  size  distribu¬ 
tion  histograms  for  particles  down  to  lOnm  in  diameter. 
A  comparison  of  these  results  with  the  model  predic¬ 
tions  is  shown  In  figure  6.  which  gives  the  results  in 
terms  of  an  average  over  the  entire  flow  cross  section 
v/herc  the  measurements  were  made.  Presented  in  this 
way  the  agreement  between  model  and  experiment  ap¬ 
pears  excellent,  although  the  data  obtained  at  specific 
radial  locations  indicated  that  there  was  more  cross 
stream  mixing  than  predicted  by  the  model.  Considering 
uncertainties  in  both  the  model  and  the  experiment,  the 
excellent  quantitative  agreement  seen  in  figure  6  is 
considered  fortuitous.  Nevertheless,  the  results  clearly 
reproduce  the  experimental  trends  and  the  right  magni¬ 
tudes  of  particle  size,  which  is  impressive  considering 
that  a  30  nm  iron  particle  contains  about  lO"  iron 
atoms. 


6.  How  to  use  cluster  property  data  In  a  dynamic 
nucleation  model 

The  capillarity  approximation  may  be  reasonably  valid 
for  high-temfierature  nucleation.  There  is  considerable 
evidence  for  a  sharp  decrease  in  melting  temperature 
with  decreasing  cluster  ;  ize  [3z,  33];  that  is,  at  sunici- 
ently  high  temperatures  'but  well  below  the  bulk  melting 
point),  clusters  may  be  effectively  liquid-like,  structure¬ 
less  spheres.  Furthermore,  there  is  evidence  from  elec¬ 
tronic  structure  calculations,  at  least  for  sodium  clusters, 
that  the  main  contribution  to  lowcing  of  binding  energy 
with  decreasing  cluster  size  is  a  surface  clfcct.  indicating 
the  validity  of  surface-energy-based  arguments  down  to 
surprisingly  small  sizes  [34], 

Consider  the  condensation/evapo'ation  'reaction' 


=  (ll) 

where  AGj^ ,  j  =  AG{j)  —  AG{J  -  I). 

Equation  (I  I)  is  a  general  expression  for  the  evapor¬ 
ation  coefficient  which  cun  be  used  in  equations  (I)  and 
(2).  To  specify  ACy.,  ;  lacking  better  information,  the 
conventional  approach  is  to  adopt  the  capillarity  ap¬ 
proximation.  which  produces  equation  (4).  However,  if 
data  on  cluster  free  energies  are  available,  these  can 
readily  be  incorporated.  For  example,  low-temperature 
binding  energies  have  been  calculated  for  silicon  clusters 
up  to  size  30  [37],  and  efforts  are  presently  underway  to 
extend  the  approachc.s  of  local-density  theory  and  mol¬ 
ecular  dynamics  to  calculate  these  properties  at  the  high 
temperatures  pertinent  to  thermal  plasma  systems. 

This  approach  cat]  further  be  extended  to  ion-in- 
duced  nucleation.  Briefly  (a  more  detailed  development 
is  the  subject  of  current  work),  one  would  first  need  to 
estimate  the  frozen  ion  concentration  by  means  of  an 
analysis  for  electron  recombination  unde  prescribed 
conditions  (wrtinenl  to  .a  thermal  plasma  reactor.  Then, 
discrete  equations  of  the  form  of  equations  (1)  and  (2) 
could  be  used,  except  that  coagulation  among  suberiti- 
cal  ion  clusters  tan  safely  be  neglected  in  comparison 
with  condensation.  The  ideal  gas  expression  for  collision 
rales,  equation  (3),  should  be  replaced  with  a  more 
accurate  expression  from  ion  neutral  capture  collision 
theory  [38],  Finally,  a  growing  body  of  data  exists  on 
the  thermodynamic  properties  of  small  ion  clusters,  for 
example  from  Castlcman’s  group  [39],  When  these  are 
available  they  can  be  used  in  equation  (1 1)  in  preference 
to  the  classical  Thomson  expression  fo’-  the  free  energy 
of  an  ion  cluster  [40],  which  treats  the  cluster  as  a 
diclcrlric  droplet  surrounding  an  ionic  core. 


7.  Conclusions 


A,  +  Aj-t-o-Aj  (8) 

where  Aj  represents  a  j-mer.  At  equilibrium  the  forward 
and  backward  rates  must  balance,  hence 


The  mode'iing  of  particle  nucleation  and  growth  in 
thermal  plasma  systems  has  advanced  to  the  point  at 
which  a  model  can  bi  implemented,  which  describes 
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homogeneous  nucleation,  condensation,  coagulation, 
vapour  diffusion  and  thermophoretic  transport  in  a 
two-dimensional  reactor  space.  The  next  major  tasks  for 
modelling  are  to  generate  and  incorporate  data  on 
size-dependent  cluster  free  energies,  and  to  investigate 
ion-induced  nucleation. 

Results  from  two-dimensional  modelling  to  date,  for 
a  simple  substance  such  as  iron,  appear  to  be  in  reason¬ 
able  agreement  with  experimental  data.  It  must  be 
emphasized,  however,  that  the  experiments  cited  [27]  are 
the  only  known  case  in  which  aerosol  was  sampled  from 
the  gas  stream  in  a  thermal  plasma  reactor  rather  than 
being  scraped  from  walls  or  filters.  Wall  deposits  may 
have  a  poorly  characterized  flow  history,  may  be  non¬ 
representative  and  may  be  significantly  modified  subse¬ 
quent  to  deposition.  Therefore  there  are  few  experimental 
data  with  which  particle  formation  models  (which  treat 
only  phenomena  preceding  wall  deposition)  can  mean¬ 
ingfully  be  compared,  and  there  is  a  great  need  for  more 
experiments  based  on  probe  sampling  or  light  scattering. 
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Abstract  A  negative  ion  plasma  is  produced  by  introducing  a  small  amount  of  SF^ 
gas  into  a  low-temperatUi8  (:^0.2eV)  potassium  piasma  produced  in  a  O  machine 
The  density  ratio  of  negative  to  positive  ions  is  continuously  varied  in  the  range  up  to 
more  than  0.9999,  where  there  appears  a  remarkable  decrease  in  electron  shielding 
lor  potential  variations,  yielding  a  clear  effect  on  plasma  collective  phenomena.  By 
introducing  fullerene  (C„)  particles  into  the  Q-machine  plasma,  we  can  produce  a 
plasma  including  large  negative  ions.  This  ultrafine  particle  plasma  might  prove 
very  attractive  in  fields  of  materials  science. 


1.  Introduction 

When  large  neutral  particles  arc  introduced  into  a 
plasma  they  are  often  charged  negatively.  Especially,  in 
the  case  of  electronegative  particles  with  large  electron 
attachment  cross  section;,,  there  appear.;  a  drastic  de¬ 
crease  in  electron  density,  accompanied  by  the  pnxluc- 
tion  of  many  nega'lvc  ions.  In  work  to  produce  plasmas 
including  large  negative  ions,  we  have  chosen  'soft’ 
interaction  between  neutral  and  charged  particles,  where 
there  is  no  direct  electron  impact  ionization.  To  realize 
this  condition,  neutral  clcclropnilic  particles  are  intro¬ 
duced  into  a  low-icinpcralurc  (iO.^eV)  potassium 
plasma  produced  in  a  Q  machine  [IJ. 

As  a  first  step,  a  small  amount  of  sulphurhenafluor- 
idc  (SI  mass  number  ^  146)  gas  was  introduced  into 
the  Q  machine  plasma  [2j,  a  tcehnigue  a'so  employed 
by  other  groups  [.T  4]  In  our  cspcriincrit  the  density 
ratio  of  negative  to  positive  ions  is  varied  in  the  range 
up  to  more  than  0  9999  (alinosi  positive  ion  negative 
ion  plasma;,  yielding  a  remarkable  decrease  in  electron 
shielding  for  potential  variations  An  effect  of  this  dc 
crease  in  electron  shielding  on  plasma  collective  phe- 
noniena  is  clearly  demonstrated  for  low-rrcspiency 
plasma  waves  and  instabilities 

By  introducing  so  called  '(ullerenc'  mass  num¬ 
ber  1=  720)  particles  [  5J  into  the  Q-piachine  plasma,  we 
can  produce  a  magnetized  plasma  consisting  of  elec¬ 
trons,  positive  K  ions,  and  negative  ions.  Ibis 
ultrafine  particle  plasma  might  be  very  aiiiaclivc  m 
hclds  ol  .naleriuls  science  because  it  could  inspiie  many 
(xjssibilitics  of  developing  new  materials  based  on  (  „„ 
In  this  experiment,  an  oven  for  sublimation  of  is 
situated  in  the  Q  machine  I  p  lo  more  than  ‘Z0“ii  of  the 
electrons  are  obse'veil  to  be  attached  to  particles, 
producing  negative  C',,,  ions  In  the  present  phase  of  uur 
research,  wc  arc  interested  in  basic  features  of  the 


interaction  between  C„o  particles  and  charged  particles 
in  a  low-temperature  plasma. 


2.  Negative  Ion  plasma 

The  experiment  i ,  carried  oul  using  a  single-ended  Q 
machine  [I]  with  a  vacuum  chamber,  .20k mm  in  diam¬ 
eter  and  1 670  mm  long,  with  pumping  systems  at  both 
ends,  as  shown  schematically  in  liguie  I.  A  potassium 
plasma  is  produced  by  contact  ionization  of  K  atoms  at 
a  hot  52  mtn  diameter  W  plate  healed  up  to  about 
2.VKI  K  under  a  background  gas  pressure  of  t;  I  x  lO  ^ 
I'ort.  I  he  plasma,  with  density  i  I  x  Hi''  im  ’  and 
cUclion  temperature  /,  >  0.2  eV  <;  7',  (ion  lem.pcru- 
ture).  (lows  along  a  uniform  magnetic  field  B  S  2.8  kG 
and  is  terminated  by  a  metal  endplale  kept  at  a  Hoaling 
potential. 

SI2.  gas  IS  introduced  into  the  machine  through  a 
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Flgurt  1.  sSchemattc  diagram  ol  e.Kperimenlal  apparatus  (or 
the  procJuciiori  of  negadvt?  ion  plasmas  in  the  cai-e  of  SF^ 
introductron.  (SF„  piessure)  is  esdmated  from  an 

increment  of  the  total  gas  pressure  with  an  increase  m  SFg 
introduction.  The  SF^  gas.  the  temperature  of  which  is  much 
smafter  than  the  hot  plate  temperature,  has  no  appreciable 
effect  on  the  electron  wmis.sion  from  the  hot  plate  under  our 
conditions 
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leak  valve,  as  shown  in  figure  1,  The  pressure  of  the  SFj 
gas,  P{Sf\),  is  raried  in  the  range  IxiO’  1x10'' 
Torr.  Since  the  SF^  molecules  have  a  large  electron 
atlarhment  cross  section  (  i:2  x  10" ''*cm^)  for  SF^  + 
c-»SF6  at  T,  IS  0.2cV,  a  drastic  decrease  in  electron 
density  it.  should  appear  with  an  increase  in  /’(SF^).  For 
an  electron  fraction  I  -  r  >  1C  a  value  of  1  -t  can 
be  determined  by  the  Langmuir  probe,  where  I  -j:  = 
n,/(i  t  -  I --'I -/«♦(«  t(  “Up)  and  n  arc  positive  and 
negative  ion  densities  respcc>ively).  For  I  -  i  S  !  x  10  ', 
it  is  difficult  to  obtain  a  correct  value  of  1  — c  from  the 
probe  measurements.  However,  even  in  such  a  case,  I  -t 
can  be  estimated  from  propagation  of  ion  waves  excited 
externally  12],  In  our  cxperim.int,  ion  svave  propagation 
measurements  are  used  to  obtain  vtdues  of  I  —  i:  over  a 
wide  range. 

Typical  examples  of  the  probe  characteristics  arc 
presented  in  figure  2,  where  a  drastic  decrease  in  the 
negative  saturation  current  Is  found  in  the  presence  of 
SF^  gas.  Roughly  speaking,  I  -  i.  >2  x  10  ‘ '  is  obtained 
at  f’(SF,,)=:l  X  10  ''  Torr.  With  an  increase  in  /’(SF„), 

1  -i:  is  found  to  decretise,  yielding  I  -  i  x  10  ’  and 
.SxlO  '  at  /'(SF,)r^  I  A  If)  '  and  '  x  10  ■*  I  orr  re¬ 
spectively.  It  is  possible  to  estimate  I  ■  i::s  1  <  10  ■*  at 
Ft .S F„ )  IS  5  .<  10  ''  don  from  ion  wave  propagation.  At 
TfSt-  „)  >  I  ■:  10  ■'  forr.  1  - 1:  is  supposed  to  he  around 
1  X  10  i.t.  i:  ^O.bWyy,  although  it  is  almost  impossible 
to  measure  such  an  extremely  small  value  of  I  -  c.  I'lie 
tlieureticai  dependence  of  1  -  i:  on  /’(.SF,,)  will  be  dis¬ 
cussed  elsewhere. 

With  a  decrease  in  I  there  appears  a  decrease  in 
electron  shielding  for  potential  vari.ilions,  yielding  a 
large  elfeet  on  plasma  collective  phenomena.  Here,  typi¬ 
cal  examples  of  such  an  effect  are  presented  for  low- 
frcqtieiiey  plasma  waves  and  instabilities. 

Ion  waves  are  typical  low-fremieney  electrostatic 
plasma  waves  for  which  electron  shielding  is  quite  im¬ 
portant.  In  a  plasma  consisting  of  electrons,  posiiive 
ions  of  mass;  in,  and  Icmperaiure  7  , ,  ami  negative  ions 
of  mass  m  and  lemperatiire  T  .  ihere  are  iwo  branches, 
fast  and  slow  .modes,  corresponding  to  the  two  ion 
species  [6].  Here,  for  simplicity,  we  assume  m  >’iii.. 
I.  /,  .>  /  ,  and  plane  waves  propagating  along  a 


PfSFg)  -  0  Torr 


02/a  A 

'  PISFglH  Ox|  0"‘'Torr 
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Figure  2.  Typical  probe  characteristics  at  P(SFj)  =0  ano 
1 .0  »  10  *  Torr,  Probe  is  a  tantalum  wire  ol  0.125  mm  in 
diameter  and  1  5  mrr  long. 


strong  magnetic  Held.  The  dispersion  relation  of  the  fast 
mode  is  then  given  by 

r/i'  -  4-  k;/k^)  +  MTjnu)k^  (1) 

where  (i),'2n  and  27i/k  are  wave  frequency  and  wave¬ 
length  respectively.  vjp  +  /2K(=^{n  is  the 

positive  ion  plasma  frequency,  and 
is  the  electron  Debye  shielding  length.  In  this  equa¬ 
tion,  kj/k^  shows  a  contribution  of  the  electron  shield¬ 
ing  for  potential  variations  provided  by  ion  motions. 
Tor  k;/k~»\,  equation  (I)  is  reduced  to  (o^/k^ 

[  7*/(l  — ]/m^  which  yields  the  phase  velocity 
{-(if/k)  of  ion  sound  waves,  For  kl/k^  1,  however,  the 
potential  variations  arc  not  shieMcd  by  electrons  and 
cr  ^  4  which  yields  ion  plasma  wave^ 

as  an  extension  of  ion  plasma  oscillations  2: 

The  relation  (1)  can  also  be  appliCvl  to  a  prisma  consist¬ 
ing  of  electrons  and  positive  ions.  In  this  case. 
Tp  =(7'^  -4  .V/’, ) /n  ,  for  ion  sound  waves.  In  tire  pres¬ 
ence  of  negative  ions.  «  k\^{  \  -= 

and,  with  a  decrease  in  1  —  1:  for  a  lixed  plasma  density 
/jp(  -a,),  decreases,  showng  a  decrease  in  electron 
shielding,  riui.v  7^,(1  appears  Instead  of  and 
provides  a  drastic  increa.se  in  i  j,  of  ion  sound  waves  as 
1  ’  >■  -*0,  although  k^  k‘  A-  I  is  satislied  in  the  frequency 
range  much  lower  than  ihai  in  a  plasma  without  nega¬ 
tive  ions. 

On  the  other  hand,  the  slow  mode  appears  only  in 
the  presence  of  negative  ions  and  has  the  dispersion 
relation; 

(■»'  (»•  (]  +  k‘  k'  I  k',  k'l  f  3(7'  m  )A'‘  (2) 

where  </>,,  2;r(-Mn  <'“  <„/»  ‘  2a)  is  the  negative  ion 
plasma  frequency  and  1  m, is  the 

positive  ion  Debye  shielding  lengtii.  In  this  relation, 
k\  k'  sh('w\  a  positive  ion  shielding  for  potential  vari- 
aiituis  provided  by  negative  ions  Under  our  assump¬ 
tions.  kf  «  k\  and  equation  (2)  is  reduced  to 

-s:  U  ^  k',  k')  4  3(7'  fn  )k^  wliich  docs  nol 

yield  such  a  drastic  ilepcndenec  on  1  -  i:  as  the  fast 
mode 

Here  we  are  interested  in  the  fast  mode  because 
this  mode  is  very  sensitive  to  I  In  our  experi¬ 
ment,  the  assumption  /,  »  7\  is  nol  satislied  and  there 
IS  an  ion  How  with  speed  “  But,  w'hcn 

1  i:  IS  so  small  that  the  conditions  7^  { 1  •  /:)  »  7\  and 
1  m ,( 1  -  i;)] '  “  .*>  i;,  are  satisfied,  relation  ( I )  can  be 
applied  io  the  results  of  the  fasi  mode  in  our  experiment. 

In  the  expei  imenl,  a  grid  is  used  to  generate  sniaJl- 
ampliiude  ion  waves  propagating  toward  the  endplatc 
along  a  magnetic  field  [7],  Typical  examples  of  the  wave 
patterns  obtained  from  an  inierleromcler  detection  sys- 
iei»'  arc  presented  in  (iguics  3  and  4.  In  the  presence  of 
a  small  amount  of  ST,,  gas,  there  appears  a  clear 
increase  in  the  wavelength,  as  shown  in  figure  3  where 
the  palter. IS  of  the  fas’  mode  with  t.o  2n  -  250  kll/  are 
demonstrated  at  /*(ST,.)  --  0.  1.5  -  10  and  4.5  x  10  ^ 

I  orr.  it  IS  also  found  that  the  spatial  wave  damping  at 

1.5  X  10  Torr  is  small  in  comparison  witli 
that  at  PfST^)  ■- 0  I  orr  This  is  because  the  l  andau 
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Figure  3.  Wave  patterns  of  ion  waves  (last  mode)  with 
w/2;i  =  250kH2, 


damping  due  to  positive  ions  decreases  with  an  increase 
in  I’p.  For  a  further  increase  in  i  p.  however,  the  damping 
again  becomes  large  because  the  Lanrlau  damping  due 
to  electrons  increases,  as  shown  by  the  wave  pattern  at 
P(SFp)  =  4,.‘i  k  10  ”  Torr.  If  (o/2rt  is  decreased,  we  can 
observe  the  slow  mode  in  addition  to  the  fast  mode  in 
the  presence  of  negative  ions,  as  shown  al  (u'2a  =  5  ktl? 
in  figure  4.  I  hc  dispersion  relations  of  the  f;ist  mode  arc 
shown  with  P(Shp)  as  a  parameter  in  figure  5.  Al 
PfSFp)  -  0  Torr,  there  is  a  linear  relation  between  <i>/2n 
and  k  [7],  At  P(SF„)  S  5,0 «  10" '  Torr,  where 
l-i;S5xl0"^,  the  ion  waves  are  found  to  become 
dispersive,  although  is  almost  constant  in  the  low- 
frequency  range.  We  can  estimate  I  -  t  by  measuring  i  p 
in  this  range  of  (n/2n.  For  example,  al  P(SFp)  =  .5  x  10  * 
Torr,  I'p  is  larger  by  two  orders  of  magnitude  than 
( T,/rri , ) '  ~  7.0  X  1  O'*  cm  s  '),  yielding  1  -  t  ~  lO  "*. 
A  further  increase  in  P(SFp)  yields  a  much  smaller  value 
of  1  --  c.  For  such  a  small  value  of  1  -  i;,  however,  the 


Figure  4,  Wave  patterno  of  ion  waves  with  i;)/2a  -’5  kHz. 
Upper  trace:  the  last  mode  in  the  absence  of  SFj.  Lower 
trace:  the  slow  mode  in  addition  to  the  last  mode  in  the 
presence  of  SFg. 


Figure  5,  Dispersion  relations  of  ion  waves  (Iasi  mode) 
observed  with  PfSFg)  as  a  parameter. 


wavelength  of  the  fast  mode  in  the  low  frequency  region 
is  much  longer  than  the  piasina  column  !c:iglh  in  our 
machine.  Besides,  the  wave  damping  is  strong  because 
the  Landau  damping  due  to  electrons  becomes  extreme¬ 
ly  large  as  approaches  the  electron  tliermal  speed 
although  the  electron  fraction  is  quite  small.  Thus,  ion 
wave  propagations  do  not  give  a  correct  value  of  1  -  r 
for  I  -  t:  <  10  '*.  Hotvever,  I  -■  i:  supposed  to  be 

around  10"  '  al  P(SFp)  i  I  x  It)  '  Torr  as  an  extrapo¬ 
lation  of  our  inc.a‘,urcmcnis  of  ion  sound  waves. 

Similar  phenoriicna  liave  also  been  observed  on 
low-frequency  electrostatic  piaiina  iniUabiiitics.  In  the 
case  of  an  ion  cycloiron  wave  instability  [2,41,  two 
modes  appear  corresponding  to  the  ion  species  in  the 
presence  of  negative  ions.  Both  of  Ihem  show  an  increase 
in  (u/2n  as  1  -  i:  is  increased  The  elTeci  on  drift  wave 
instability  is  (|uite  remaikabic  [2J.  With  an  increase  in 
1  -  tncrc  appears  a  drastic  increase  in  the  amplitude 
which  has  a  maximum  value  around  FfSFp)  ~  S  x  10"  ' 
'I'orr.  this  is  accompanied  by  a  decrease  In  ii>/2n.  But,  al 
Pf.SF,,)  5  5x10  no  coherent  signal  of  drift  waves  is 
observed. 


3.  Cw  plasma 

Since  .1  simple  mclhod  for  jiroducing  Buckinioster 
fullcrcnc  (t\,|)  particles  was  established  [S],  a  number 
of  works  have  been  [jcrforined  or.  i.ccausc  this  new 
form  of  carbon  is  of  crucial  importance  for  the  develop 
ment  of  new  materials.  patllcics  have  a  large  elec¬ 
tron  aHintty  (.e!2.65cV),  although  this  value  is  smaller 
than  that  ofSI  ,,  molecules  (  3.39eV).  Thus,  as  a  result 

of  their  inleraclioii  with  a  low-tempi-raturc  plasma, 
electrons  arc  expected  to  be  attached  to  particles, 
yielding  large  negative  C\„  ions  in  the  plasma.  Because 
of  Ihcii  stability  and  well  defined  mass  and  size  (diam 
cter 0.7  nm).  the  ultrafinc  particle  plasma  including 
large  negative  inns  is  rather  simple  and  niighi  be 
ea.sy  to  treat  in  comparison  with  plasmas  including 
unstable  fine  particles  (or  dusts)  of  variable  mass  and 
size. 
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CYLINDER  OVEN 

Figurd  8.  An  oven  for  suWimaiior!,  togeiher  with  a 
cylindef  surroono^ng  a  plasma  column  produced  in  the  O 
machine.  Oven:  ocpper  pot.  18  . mm  in  diameter  and  ?0mm 
long,  with  a  3  mm  diameter  hole  for  Ce.,  injection.  Cylinder: 
copper  cylinde'  with  open  ends,  76  mm  in  diameter  and 
aOOrnm  iong, 

In  our  experiment,  a  plasma  consisting  cf  electrons, 
positive  K  ions,  and  negative  C„q  ions  is  produced  by 
sublimating  C^u.  which  Is  plaicd  in  a  special  v>vtii,  into 
the  Q  i!,achine  doicribed  in  :;erti('n  2.  Temperature  for 
the  sublimation  is  in  ihe  range  J.'iO  4',X)  C'  .As  shown 
schematic.ally  in  figure  6,  the  Q-maehinc  plasma  passes 
through  a  cylinder  (76mrii  in  diameter  and  200  mm 
long)  which  ir  situated  at  a  posMion  around  the  machine 
centre.  The  cylinder  has  a  20  mm  dinmc'ci  hole  on  the 
side  wall,  where  the  oven  is  set  with  a  snudl  hole  to  inject 
C'so  particles  in  the  dircenon  toward  the  Q-machine 
plasma.  In  the  oien.  is  kept  as  a  soft  film  on  the 
inner  surface.  The  oven  temperature  7,„  which  is  meas¬ 
ured  at  il.s  base,  is  carefully  changed  in  the  range  .200  (no 
oven  heating)  500  C  wliilc  the  cylinder  is  kept  at  a 
constant  temperature  around  4(K)  C.  In  llic  a,<ial  region 
surrounded  by  the  cylinder,  Ihc  density  is  estimated 
10  be,  depending  on  7„.  m  the  range  S  10'  '  cm  ■'  which 
corresponds  to  the  pressure  range  of  (.\„  particles, 
Ptr,,,,)  S-  10  “  Torr.  In  the  region  outside  the  cylinder, 
these  values  are  sniallcr  than  those  inside  the  cylinder  by 
one  to  two  orders  of  magnitude. 

An  ‘omegatron'  analyser  [7],  :iitiiatcd  behind  a  small 
hole  in  tile  cndplalc,  is  used  for  detection  of  negative  C'^,, 
ions.  This  analyser  gives  signals  due  to  the  cyclotron 
resonance  of  ton  species  when  the  frequency  of  an 
applied  Ri  electric  field  is  equal  to  the  corresponding  ion 
cyclotron  frequencies. 

C\„  pa-'icic  C'jturoi  is  muttitored  by  a  negative 
saturation  current  of  the  Langmuir  probe  /,  ,  which 
depends  on  /„,  as  shown  schematicaliy  in  (igure  7,  With 
an  increase  in  7',.  /, .  decreases,  implying  a  decrease  in 
n,.  The  probe  characteristics  at  i.',  -  480  C,  together 
Willi  the  curve  at  7_  =  2(K1  C.  arc  presented  in  figure  8, 
where  the  probe  is  set  at  the  radial  centre.  It  can  be 


Figure  7.  Variation  of  negative  saturation  current  /,  of  the 
Langmuir  probe  against  the  oven  temperalure  7^  which  is 
increased  to  7|(  =  350  'C).  7j(=400  C),  and  73(^450  'C). 


480  C. 


found  that  a  decrease  in  the  positive  saturation  cur¬ 
rent  /. ,  also  appears  as  7„  is  increased.  However,  /,_ 
decreases  more  drastically  than  /,*  meaning  that  a 
decrease  in  n,  is  accompanied  by  an  increase  in  /i_ 
[10,11],  According  to  the  measurements  using  the 
omegatron  analyser,  a  signal  appears  when  Ihc  applied 
frequen-ey  (u/2n  is  equal  to  tn,..'2n  (ion  cyclotron  fre¬ 
quency  of  C(,y),  as  shown  in  figure  9  preving  that 
negative  ions  produced  arc  exactly  C'so-  In  this  experi¬ 
ment  1  —  t:5  1  lO  '.  With  an  increase  in  ii  .  the 
radial  plasma  profile  becomes  bread.  I  bis  is  due  to  the 
large  l.arnior  radius  of  (Vn  ’ons.  which  gites  rise  to  a 
profile  broadening  of  K*  tons,  yielding  the  decrease  in 
at  Ihc  radial  ccnlrc  in  figure  8. 

Wave  patterns  of  io.i  waves  are  presented  in  figure  10. 
The  same  cfTccls  of  negative  ions  on  ion  wave  propa.gttlion 
as  ill  the  case  of  the  introduction  of  SK^  into  the  Q  machine 
are  observed.  Wc  observe  an  increase  in  Ihc  phase  velocity  !  „ 
of  the  fast  mode  when  'Q  is  ircrcascd.  As  mentioned  above, 
1  —  <:2  I  -xIO  '  in  our  experiment  anti  we  cannot  neglect 
the  How  speed  of  K  '  iotis,  wnich  is  due  to  acceleration  by 
theeltx-tronsh-ath  ofa  potential  drop  50.5  V  in  front  of  Ihc 
hoi  plate.  Thiis,  the  increase  in  u^,  :s  not  so  drastic  as  in  the 
case  of  SF-  ,,.  The  lower  trace  in  this  figure,  however,  clearly 
dcmonsiralcs  the  pronagation  of  Iheslow  mode  in  idditicn 
to  the  fast  mode  in  the  presence  of  ions.  The  observed 
phase  velocities  of  the  fast  and  slow  modes  are  almost 
coiisistcnt  with  predicted  values  although  wc  cannot  apply 
ihc  simple  dittpersion  relations  given  by  equations  ( I )  and 
(2)  to  the  results  in  the  experiment 


Figure  9.  Collector  current  1^  of  'omegatron'  analyser  as  a 
function  o(  frequency  iu,'2it  ol  applied  nr  electilc  field,  lu,, 
is  the  ion  cyclotron  frequency  oi  C^.  6-  3.9BkG. 
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<jJ/2  ir=Z0  kHr 

(0) 


Figure  10.  Wave  patterns  of  Ion  waves  with  -  30  kl-lz. 
Upper  trace:  the  lest  mode  in  the  absence  of  C«, 
(r„-?00“C).  Lower  trace:  the  slow  mode  in  addition  to  the 
fast  mode  in  the  presence  of  C„  (r„-470°C). 

The  electrost.Vic  ion  cyclotron  instability  is  also 
observed  to  be  generated  in  the  frequency  ranges  above 
the  ion  cyclotron  frequencies  of  K  *  and  SFj  ions  as  in 
the  measurements  on  the  plasma  includin''  K  *  and  SF^ 
ions.  These  resu'ts  ?'so  confirm  the  existence  of  C^o  ions. 

4.  Conclusions 

In  this  work  we  have  produced  two  Linds  of  magnetized 
plasmas  with  negative  ions  which  are  much  larger  than 
positive  ions.  One  of  them  is  a  plasm  i  consisting  of 
electrons,  K  *  ions,  end  SF^  ions,  produced  by  introduc¬ 
ing  SFj  gas  into  a  io'W-temperalure  potassium  plasma  in 
a  Q  machine.  The  SF«  fcuction  is  increased  up  to  a 
value  more  than  0,9999.  A  decrease  iti  electron  shielding 
causes  a  large  effect  on  plasma  collective  plicnornena,  as 
dc.monstraied  by  ion  wave  propagations,  This  plasma  is 
useful  for  investigating  characteristic  features  of  negative 
ion  plasmas. 

By  introducing  particles  into  the  Q  machine,  an 
ultrafinc  nanicic  plasma  consisting  of  eleclro.is,  K  *  ions, 
and  C'Lo  ions  has  been  produced.  In  this  case,  the  CLo 
fraction  is  a;0.9,  smaller  than  that  in  the  case  of.SFL-  This 
is  partly  due  to  the  electron  alTinity  being  smaller  than 
that  of  SP However,  the  CLo  fraction  could  be  increased 


by  increasing  the  Cjo  flux  introduced  into  the  machine 
Because  of  its  simplicity  the  plasma  produced  would  be 
useful  for  invenigaling  the  basic  features  of  various 
ultrafine  particle  plasmas.  This  particular  plasma  might 
also  be  attractive  in  fields  ol  materials  science.  Since  C«o 
particles  are  charged,  it  is  easy  to  control  them  eiecrically 
atid/or  magnetically,  providing  a  new  approach  for 
producing  C^o  based  materials. 
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Abstract  Several  modeis  that  predict  the  charge  of  particles  in  a  plas.ma  are 
reviewed.  The  simplest  is  based  on  orbil-limited  probe  theory.  This  basic  model  can 
be  improved  by  adding  several  effects:  charge  reduction  at  high  dust  densities, 
eJactron  omission,  ion  trapping  and  fluctuations.  The  charge  is  reduced  at  .high  dust 
densities,  when  a  siynifica.rt  traction  of  the  charge  in  the  plasma  resides  on  the 
panicles,  depleting  the  plasma.  Electron  emission  due  to  electron  impact  or 
ultraviolet  exposure  can  cause  a  pariicie  to  I  ave  a  positive  charge,  which  has  useful 
implications  for  plasma  processing,  since  pa.Ticies  are  confined  in  a  discharge  only  if 
they  have  a  negative  charge.  Ion  trapping  occurs  due  to  ion  neutral  collisions  within 
the  attractive  Debye  spliere  of  a  negatively  charged  particle.  Trapped  ions  reduce  the 
net  ele  ctric  force  on  a  particle.  A  particle's  cha.  oe  fluclualas  b^ause  ttie  currents 
coiiected  from  the  plasma  consist  of  discrete  ctiarges  nrriving  at  the  particle  at 
random  intervals.  The  root  mean  square  fractional  fluctuation  level  varies  as 
0.5<AT>  ' '  wlvre  <W>  =  <.Q)/e  is  the  mean  number  of  electron  charges  on  the 
particle. 


t.  Introduction 

A  dust  particle  m  a  plasma  gams  an  electric  charge  and 
responds  to  electric  forces.  The  charge  can  range  from 
xcrc  to  hundreds  of  thousands  of  clcdron  charges, 
depending  on  the  particle  sire  and  the  plasma  condi¬ 
tions,  It  arises  from  collecting  electrons  .ind  ions  from 
the  plasma  and  sometimes  from  emitting  electrons  !n  a 
plasma  in  which  emission  processes  are  unimportant, 
the  cquilibriuni  charge  is  negative  because  the  flux  of 
elccirons  to  an  uncharged  surface  is  high  relative  to  that 
of  ions.  On  the  other  hand,  when  electron  cmi.ision  is 
significant,  the  equilibrium  charge  is  positive. 

A  eaiculalion  of  the  charge  on  a  particle  is  the 
starting  point  of  every  theory  of  dusty  piasmas.  Here  I 
review  the  common  ■orbit-limited'  theory  of  charge 
collection,  and  then  1  present  some  effects  that  arc  often 
neglected  in  this  model,  out  may  have  a  significant 
impact  on  the  particle's  transport.  These  elfcvls  arc:  a 
reduction  in  charge  due  to  high  dust  density,  positive 
charging  by  electron  emission,  a  reduction  in  electric 
forces  due  to  imi  trapping  ai'd  chaigc  llaetualions. 
These  ciTccts  have  been  prcscnleu  already  in  the  litera¬ 
ture;  the  purpose  of  this  paper  is  to  review  them  and  to 
give  practical  formulae  with  illustrative  examples. 


2.  The  basic  model:  orbit-l'mited  theory 

Most  dusty  plasma  charging  theories  are  based  on 
theories  of  electrostatic  probes  in  plasmas.  These  the¬ 


ories  predict  the  electron  and  ion  currents  to  the  probe. 
The  currents  arc  termed  'orbit-limited'  when  the  condi¬ 
tion  <1  «  /.  «  applies,  where  a  is  the  partieie  radius, 
/  IS  the  Debye  length  and  is  a  collisional  mean  free 
path  between  neutral  gas  atoms  and  either  electrons  or 
ions  [1,2].  In  that  ease,  the  currents  a.c  calculated  by 
assuming  that  the  cleclrons  and  ions  me  collected  if  their 
eollisionless  orbits  Intersect  the  probe's  surface.  It  is 
as.iumcd  that  the  currents  arc  infinitely  divisible;  that  is, 
the  discrete  nature  of  the  electronic  charge  is  ignored. 
T  he  latter  assumption  must  be  reversed  to  account  for 
the  fluctuations  of  the  particle,  as  shown  later. 

Kor  the  collection  of  Maxwellian  electrons  and  ions, 
characterized  by  temperatures  T,  and  Tj,  the  orbit- 
limited  currents  for  an  isolated  spherical  particle  are  [3] 


/.= 

/„,cxp(('i/i„'f:T,) 

0,  <  0 

K  = 

/,„(l  -Pe0.,Ti7,) 

0,  >  0 

1.  = 

/„,exp(  ~ 

0,  >  0 

1,  = 

0,  <  0. 

Merc  <l>,  IS  ihe  surface  potential  of  ihc  partieie  relative  to 
the  plasma  and  e,  is  the  eleclronic  charge  of  the  ions 
The  cocITicient.s  /„,  and  /nj  represent  the  curren'  that  is 
collected  for  0,  =  0,  and  are  given  by  /„.  = 
m,)' 1,1,),  where  ri.  is  Ihe  number  density  of 
plasma  species  a.  Here  is  a  complicated  funt- 

tion  of  the  thermal  velocity  r,,,  =  ^  and  Ihc 

drift  velocity  >•'  between  the  plasma  and  the  particle:.  [.3], 
Simple  expressions  are  available  in  ihc  limiting  eases  of 
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Figure  1.  (a)  Mean  charge  number  <A/>  =  <0>/e  and  (p)  charging  time  r  as  a 
function  of  particle  radius  for  four  combinations  of  temperature  ratios  and  ion 
masses.  These  values  are  lor  the  basic  orbit-limited  charging  model,  assuming 
non-drifting  Maxwellians  and  no  electron  emissum. 


small  and  large  drift  velocities: 

/o,  =  "/I'lh  «  1  (2«) 

I,  =  iv/r,^  »  1.  (2b) 

In  some  laboratory  discharges,  the  ions  or  electrons  may 
drift  at  a  significant  speed.  For  example,  the  ions  enter  the 
electrode  sheath  at  the  ion  acoustic  speed,  which  is  much 
faster  than  the  ion  thermal  speed. 

The  charge  Q  is  related  to  the  particle's  surface 
potential  0.,  with  respect  to  a  plasma  potential  of  zero,  by 

Q  =  r<j>,  (3) 

where  C  is  the  capacitance  of  the  particle  in  the  plasma. 
For  a  spherical  particle  satisfying  a  «  2,  the  capacitance 
is  [3] 


C  =  Ani:„a.  (4) 

The  standard  ‘continuous  charging  model'  of  particle 
charging  in  a  plasma  neglects  the  discrete  nature  of  the 
electron's  charge.  The  particle's  charge  is  assumed  to 
vary  smoothly,  rather  than  in  integer  increments.  A 
particle  with  zero  charge  that  is  immersed  in  a  plasma 
will  gradually  charge  up,  by  collecting  electron  and  ion 
currents,  according  to 

dC/dr  =  X/,  (5) 

To  find  the  eguilibrium,  one  can  set  dQ/df  =  0  in 
equation  (5).  This  yields  the  steady-state  potential  <j>i 
and  steady-state  charge  <0>, 
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Table  1.  Coefficients  lor  O  and  r  appearing  In  equations 
(6)  and  (7).  These  values  were  found  by  a  numerical  solution 
of  the  continuous  charging  model,  assuming  non-drifting 
Maxwellians  and  no  electron  emission.  From  (5). 


m, 

(amu)  TJT^ 

(^eV  ') 

(gm  eV' 

K, 

(s/imcm  ^eV  '"I 

1  0.05 

1.698 

-1179 

7.66  X  10= 

1  1 

-2.501 

-1737 

1.51  X  10= 

40  0.05 

-2,989 

-2073 

2.05  X  10= 

40  1 

-3.952 

-2631 

3.29  X  10= 

■^,  =  <0.)=  KJ, 

(6) 

(Q}/e  =  K^kT, 

where  the  coefficients  and  are  functions  of  T,/T^ 
and  rrii/m,,  and  they  must  be  determined  numerically. 
Useful  values  for  these  coefficients  are  listed  in  table  1, 
and  illustrative  values  of  the  charge  are  shown  in  figure 
l(u).  When  electron  emission  is  neglected,  the  floating 
potential  and  K,^  arc  both  negative,  since  the  electrons 
have  higher  thermal  velocity  than  ions. 

Note  that  0,  is  independent  of  the  particle's  size,  but 
it  depends  on  the  plasma  temperatures.  On  the  other 
hand,  the  charge  (Q}  is  proportional  to  the  particle's 
radius,  <Q>  ana.  For  example,  a  sphere  In  a  hydrogen 
plasma  with  T,  =  %  has  the  Spitzer  [4]  potential 
0,  =  -2.S0  kTJe. 

The  charging  time  r  is  inversely  proportional  to  the 
plasma  density.  It  depends  on  the  particle  size,  tempera¬ 
ture  and  ion  mass  according  to  [5] 


where  fC,  is  a  function  of  Tj/T,  and  t  he  fact  that 

r  is  inversely  proportional  to  both  a  and  n  means  that 
the  fastest  charging  occurs  for  large  particles  and  high 
plasma  densities.  One  can  define  r  as  the  time  rettuired 
for  a  particles  charge  to  reach  a  fraction  (I  -  e  ' )  of  its 
equilibrium  value,  when  it  is  initially  uncharged.  [5] 
Using  this  definition,  the  constant  K,  has  the  values 
summarized  in  table  I .  Illustrative  values  of  the  charging 
time  arc  shown  in  figure  1(h). 

No  dtist  particle  is  perfectly  spherical,  and  so  one  should 
ask  how  much  the  sphericily  assumption  limits  the  theory's 
validity.  This  assumption  appears  twice  in  the  model:  the 
capiicitancc  in  equation  (4)  and  the  currents  in  equation  ( 1 ). 
For  the  capacitance,  the  shape  docs  not  matter  greatly  as 
long  as  one  chooses  lor  a  the  typical  size  of  the  particle.  T  he 
electron  and  ion  currents  are  dominated  by  the  shape  of  the 
electrostatic  equipotential  surfaces  around  the  particle.  I'he 
electric  perturbation  caused  by  the  particle  extends  into  the 
plasma  a  distance  characterized  by  the  shielding  length, 
Since  the  case  treated  here  is  a  «  /,  the  equipotcntials  arc 
distorted  from  a  spherical  shape  only  in  a  small  central  part 
of  a  spherical  region  of  radius  z  Consequently,  the 


sphericity  assumption  will  introduce  only  a  small  error,  as 
long  as  a  «  as  it  is  in  most  dusty  plasmas. 


3.  Reduction  of  the  charge  due  to  high  particle 
density 

So  far,  I  have  considered  the  case  of  a  single  isolated 
particle,  but  this  assumption  is  often  unsuitable  for 
modelling  dusty  laboratory  plasmas,  since  they  can  have 
high  particle  concentrations.  Several  theorists  have  dem¬ 
onstrated  that,  as  the  dust  number  density  is  increased, 
the  particle's  floating  potential  and  charge  are  reduced, 
due  to  electron  depletion  on  the  particles.  [9]  This 
electron  depletion  also  modifies  the  plasma  potential. 
The  crucial  parameter  is  Havnes's  value  P,  which  is 
basically  the  ratio  of  the  charge  density  of  the  particles 
to  that  of  the  electrons.  When  P  >  1,  the  charge  and 
floating  potential  arc  significantly  diminished,  while  for 
P«  1  the  charge  and  floating  potentials  approach  the 
values  for  an  isolated  particle  (sec  section  2).  In  practical 
units,  P  is  given  by  [6] 

P  =  695r,vU„„,/V,„,  ./n,™  '  (K) 

where  N  and  n  are  the  dust  and  electron  number 
densities,  respectively.  This  expression  is  written  in  a 
form  for  a  mono-dispersive  size  distribution;  a  more 
general  cxprc.ssion  accounting  for  size  dispersion  it;  of¬ 
fered  by  Havnes  el  al  [6], 

Havnes  ei  al  [6]  solved  the  charge  balance  equa¬ 
tions,  and  reported  useful  analytic  expressions  for  the 
particle's  floating  potential  0,  (referenced  to  the  plasma 
potential)  and  the  plasma  potential  0^,  (referenced  to  a 
dust-free  plasma)  These  are  functions  of  the  parameter, 
P. 

e<t>,/kT^  IK,  +  u, /’),'( I  +  h,P  +  h,P^) 

c0/A:r=  (,  ,P -r  (  jP’l.Tl  +d,P  f  d,P-)  (9) 

where  the  cocflicients  K,,,  />,  i  and  il  arc  listed  In  table  2. 


Table  2.  Coefficients  for  charge  and  plasma 
potential,  assuming  non-drifting  Maxwellians 
with  T,  =  T„  singly  charged  ions,  and  no 
electron  emission.  From  [6], 

Coefficient  Ion  mass  (amu) 

1  32 


2  5 

3.9 

a. 

0,764 

1.14 

b. 

1.09 

1.1 

th 

0  1? 

0.0754 

c, 

'  .'1 

1.98 

ih 

0,21 

0.252 

d, 

1.04 

1.17 

4 

0.112 

0.0917 
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A  representative  plot  of  equation  (9)  is  shown  in  figure  2. 

In  a  RF  discharge,  the  dust  density  is  often  high 
enough  to  attain  P  »  1.  Consider  for  example  the  dust 
density  measurements  of  Boufendi  et  al  [7],  In  a  silane 
RF  discharge,  particles  grew  to  a  radius  a  =  115nm,  as 
determined  by  electron  microscopy.  Mie  scattering  in¬ 
dicated  a  particle  density  of  1  x  10*  cm '  while  the  ion 
density  was  5  x  10’cm■^  based  on  ion  saturation  cur¬ 
rent  measurements  using  a  Langmuir  probe.  I  assume 
T,  =  2eV,  which  is  probably  accurate  to  within  a  fac'or 
of  three.  This  yields  P  =  3.2  (accurate  to  within  the  same 
factor  of  three),  corresponding  to  a  60%  reduction  in  the 
particle’s  charge  (according  to  equation  (9)  and  figure 
2). 


4.  Electron  emission 

Electrons  can  be  emitted  by  the  particle  due  to  electron 
mpact,  uv  exposure,  thermionic  emission  and  field 
emission.  The  first  two  arc  probably  the  most  important 
for  laboratory  dusty  plasmas.  Electron  emission  consti¬ 
tutes  a  positive  current  with  respect  to  the  particle,  and, 
if  it  is  large  enough.  It  can  cause  the  particle  to  be 
positively  charged.  Even  if  the  particle  is  not  always 
positive,  it  might  sometimes  fluctuate  to  a  positive  level, 
as  described  in  sections  6  and  7. 

4.1.  Secondary  electron  emission 

The  secondary  emission  yield  d  depends  on  both  the 
impact  energy  E  and  particle  material.  The  yield  is 
generally  much  larger  for  electron  impact  than  for  ion 
impact.  For  bulk  materials,  the  energy-dependence  of 
the  electron-impact  yield  is  [8.9] 

d(£)  =  7.4, ')„,(£/£„, )cxp[-2(£/£j'  '].  (10) 


Figure  2.  Dependence  of  floating  potential  e<p,/kT  and 
plasma  potential  eip^IkT  on  particle  number  density.  These 
data  are  from  equation  (9)  and  table  2,  for  singly  charged 
ions  of  mass  32amu,  with  non-drifting  Maxwellians  and 
7,  The  normalized  particle  density  is  P  69b 


The  peak  yield  6„  is  at  energy  £„,  and  both  of  these  are 
material  constants.  Graphite,  for  example,  has  =  I 
and  £„  =  250eV,  while  for  quartz  2.1-4  and 

£„  =  400eV  [8], 

Secondary  emission  from  small  particles  is  signifi¬ 
cantly  enhanced  above  the  value  for  bulk  materials.  This 
was  shown  by  Chow  et  ai  [10],  whose  theory  included 
geometric  effects.  Scattered  electrons  escape  more  easily 
from  a  small  particle  than  from  a  semi-infinite  slab  of 
material,  and  so  S  is  enhanced. 

Expression  (10)  is  for  mono-energetic  electrons  of 
energy  £,  It  must  be  remembered  that  electrons  in  a 
plasm.i  have  a  distribution  function.  Assuming  a  Max¬ 
wellian  primary  electron  distribution  with  temperature 
7],  Meyer- Vernet  [8]  found  the  secondary  currents 
due  to  an  impinging  electron  current  l„ 

l.,JK--yn^F,{EJ4kT,)  ,i>,<0 
/,.,/!,  =  3.7d„exp[(-ed>./k)(7;-'  -  £.-')]  (II) 
x  f,.(£„.M7.)  0.  <  0 

where 

f,(v)  =  X-  ;'expr-(.x(^  ()]dr 

Jo 

£,b(.x)  =  r’exp[-,vr^  +  r)]df 

B  Ue4>Jkr,){4kT  'EJV'^ 

and  7[  is  the  temperature  of  the  emitted  electrons, 
typically  I  <  T,  c  5eV. 

By  including  these  currents  into  the  charging  balance 
the  particle  potential  can  become  positive  [8,9].  For 
Maxwellian  electrons,  a  switch  in  polarity  occurs  at  an 
clcc'ron  temperature  of  I  lOeV,  depending  on  The 
reason  this  happens  ai  tempcratuies  well  below  the 
energy  for  [xtak  emission  £„  is  the  contribution  of 
electrons  in  the  tail  of  the  distribution, 

4.2.  Photoelectric  emis.sinn 

Absorption  of  iiv  radiation  releases  photoelectrons  and 
hence  causes  a  positive  charging  cur.-ent  Just  like  sec¬ 
ondary  electron  emission,  it  can  make  the  part'cle  posi¬ 
tively  charged  [9]. 

Electron  emission  depends  on  the  material  proper¬ 
ties  of  the  particle  (its  photocmission  efticiency).  It  also 
depends  on  the  particle's  surface  potential,  because  a 
positively  charged  particle  can  recapture  a  fraction  of  us 
photocicx'trons.  Taking  this  into  account,  the  photo- 
emission  current  is  [9J 

/,  --  47i.<|-T  Ip.  ■  0 

/,  Tjtii’l  jiexpt  I'v,  k 7,,)  Ip,  >  (I 

Here  I  ,  is  the  i  v  Iluv  and  /i  is  the  ptu>lomissioii 
clVicieiiey  (/,  5-  1  for  nietals  and  /,  ^  0  1  for  dielectricsl. 

I  qiiation  (17)  assumes  an  isotropic  source  of  I  \  and 
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that  the  photoclectrons  have  a  Maxwullian  energy  spec¬ 
trum  with  a  temperature  7J,. 

A  laboratory  plasma  is  a  source  of  uv,  due  to 
electron-impact  excitation  of  neutrals.  Howe'  er,  there 
has  been  no  analysis  known  to  the  author  of  whether 
this  tjv  radiation  can  be  strong  enough  to  alter  the 
charge  significantly.  In  space  plasmas,  it  is  well  knowa 
that  dust  and  other  objects  often  charge  to  positive 
polarity  due  to  t  v  exposure. 


5.  Ion  trapping 

A  particle's  negative  charge  creates  a  Debye  sheath, 
which  is  an  attractive  potential  well  for  positive  ions.  A 
nassing  ion  can  become  trapped  in  this  well  when  it 
sulTcrs  a  collision  within  the  particle's  Debye  sphere, 
simultaneously  losing  energy  and  changing  its  orbital 
angular  momentum.  It  remains  trapped  there,  in  an 
orbit  bound  to  the  particle,  until  i;  is  detrapped  by 
another  collision  [II]. 

Trap(>ed  ions  are  important  because  they  shield  the 
charged  particle  from  e.sternal  electric  licld.s.  .Since  these 
fields  provide  the  particle's  levitation  and  conlinement  in 
the  discha'’gc,  shielding  must  he  modelled  m  order  to 
understand  conlinement.  This  shielding  works  the  same 
way  as  in  an  atom,  svhere  orbital  electrons  screen  the 
charge  of  the  nucleus.  The  on'ecliseiiess  will  vary  with 
the  number  of  trapped  ions, 

linirapped  ions  do  nolhtng  to  screen  the  particle's 
charge  from  an  eleeirie  field.  T  he  author  believes  there 
has  been  some  eonfiision  m  the  lileralure  over  how 
Debye  shieliling  works,  Diurapped  ions  do  contribute  to 
redueing  the  force  tipplicd  l>y  the  particle  on  other 
distani  charges,  but  they  do  not  reduce  the  fr’rce  appl.ed 
1(1  the  particle  by  tin  electric  field.  Only  trapped  tons  can 
do  that. 

Ion  trtipping  has  been  ignored  often  in  dusty  plasma 
theories,  probalily  because  it  is  not  easy  to  deal  with 
analytic. .Ily.  ,Al  least  two  numerieal  methods  [11,12] 
have  been  reported  recently  I  he  melhoils  are  useful  for 
estimating  ilie  minthcr  of  trapped  ion  .  iV„„„.  However, 
this  val  ic  h;is  been  reported  for  only  a  limilcil  number 
of  conditions,  to  da.e. 

Both  methO'.S  mt  olve  simulating  loii  motion  in  the 
held  of  the  chargei^  panicle  by  integrating  ihe  equation 
of  motion  fhey  ah  o  both  include  collisions  In  a  code 
with  a  fixed  lime  step  ihat  is  short  compared  with  the 
mean  timi.  between  eollisions,  this  is  done  lypieally  by 
using  a  Monte  Carlo  niethoil.  fhe  collision  probability 
I  cxp(  —  Atji’l  n  evaliialed  at  each  ,imc  sir  p  .ind 

coriipiired  with  a  random  nunibe"'  between  0  and  1  to 
determine  whelhcr  a  collision  look  place  during  that 
time  slop 

Choi  and  Kiishner  [12]  dcvelofied  a  three  dimen¬ 
sional  parlitTe-in-cell  (iMi  )  code,  where  all  ihe  ion  orbits 
were  tracked  in  a  simulation  box.  1  kslrons  and  ions  are 
absorbed  by  the  particle,  allowing  dynantie  'iiniilalion 
of  the  particle's  charge  and  ihe  surrounding  .Tectroslalic 
potential.  Ions  are  subject  1.)  collisions,  and  those  that 


are  trapped  are  counted.  This  number  of  trappted  io.is 
fluctuates  in  lime,  as  individual  Ions  became  trapped 
and  then  lost. 

Goree  [II]  handled  the  incoming  flux  of  incoming 
ion.s,  one  at  a  time,  as  individual  test  particles,  fhe 
number  of  trapped  ions  at  steady  state  is  comp,  ted  by 
assuming  a  balance  between  collisional  trapping  and 
detrapping.  Assuming  that  ion  neutral  collisions  are 
dominant,  this  theory  predicts  that  A/„jp  is  independent 
of  the  mean  free  path,  and  increases  with  the  plasma  ion 
density.  The  model  was  implemented  as  a  Monte  Carlo 
code  for  many  test  ions  sclecled  front  the  incoming  ion 
flux.  If  an  ion  becomes  trapped,  its  orbit  is  followed  until 
it  is  eventually  scattered  into  an  tmlrapped  trajectory  by 
further  collisions,  fhis  code  showed  that  iV,,  ,p  »  I  when 
the  ion  density  is  »10'’cm  which  it  always  is  in 
plasma  processing  discharges,  indicating  that  ion  trap¬ 
ping  will  cause  significant  electrical  screening.  These 
results  were  for  c  -  10/int  and  a  plasma  with 
/•f,  =  100 /mi  and  an  ion-neutral  mean  free  ptitli  much 
shorter  than  A  liriit.itior,  of  this  theory  is  that  is  uses 
a  prescribed  eiccirostalic  potential.  I'his  makes  the 
simulation  valid  only  when  the  number  of  trapped  ions 
IS  small.  «  Q,c.  In  principle  it  could  be  extendc.l  to 
cimtpulc  the  poleniial  scif-consisienlly  foi  the  actual 
electron  and  ion  densities,  as  is  done  in  the  simulation 
by  Choi  and  Kiishncr  [12], 


6.  Charge  fluctuations 

'fhe  standard  continuous  charging  model  described  in 
section  2  neglects  the  fact  that  the  electron  and  ion 
currents  collected  by  the  panicle  tielually  consist  of 
individual  electrons  and  urns,  1  he  chtirgc  on  the  particle 
is  an  integer  imilliple  of  the  electron  charge,  y  --  Ne, 
where  N  changes  by  -  I  when  an  electron  is  collected 
and  hy  when  a'l  ion  is  absorbed,  hlectrons  and  ions 
arrive  at  Ihe  particle's  surface  ai  random  times,  like  shot 
noise.  The  charge  on  a  particle  will  llueliiate  in  discrete 
steps  (and  at  random  times)  ahou'  Ihe  slcadv-slale  value 

■Several  models  have  been  repotted  recently  to  pre- 
iliel  (he  llucliialion  level,  Choi  and  Kushner's  I'li  siniu- 
lalion  [12]  Yielded  a  time  series  for  the  charge  of  an 
isokiled  particle,  for  a  particular  set  of  paramelers.  fhe 
charge  clearly  lliielualed  about  a  mean  value.  I  syiovitch 
[1.1]  developed  an  analytic  theory  (hat  is  unique  because 
It  was  not  for  an  isolated  particle,  but  rather  for  a  cloud 
of  particles  in  the  plasma,  faking  into  aecoiinl  how  Ihe 
llucliialion  of  Ihe  charge  on  one  panicle  alTeeis  the 
charge  on  a  neighbour,  he  found  that  ihe  lluclu.ilion 
level  increases  with  particle  in.  her  densiiy 

Cui  and  Goree  [S]  used  a  iiiinterical  melhiHl,  where 
the  problem  for  an  isolaled  panicle  was  casi  m  lerins  of 
a  prob.ibilily  per  unit  tune  of  collecling  an  eleelron  or 
ion  from  Ihe  plasma  I  n  ilo  this,  they  first  converted  the 
current  /,  of  the  eonliituous  charging  model  into  a 
probability  per  unit  lime  (d/’  d/),  of  collecling  an  ion  or 
clcciron,  by  (d/'  dn.  /.  q,  .  This  pmbabiliiv  depenils 
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Figiirs  3.  Temporal  evoludon  of  charge  number  0/e,  for  a  small 
particle  (a  =  lOnm)  In  an  H  ■  plasmawith  t.Tj -- O.Ob  and  n  «  lO'^m 
When  discrete  eli^ct'onic  charges  are  taken  into  account,  fluciiistions  of 
the  particle's  chaiye  are  apparent,  due  io  elecVons  and  ions  arrivim  at 
ranOorr,  times.  From  [6i. 


in  a  realistic  way  on  ,he  panicle's  potential:  when  the 
particle  becoires  more  negaliv.:,  it  becomes  less  likely  to 
collect  an  electron,  for  example  T  his  probability  is  used 
with  a  random  number  generainr  to  determine  liie  limes 
when  an  individual  eicctron  oi  ion  if  collected,  and  Ic 
charge  is  advamrd  b)  —  tor  accordingly. 

Cui  and  Gorce's  simulation  [5]  begin::  with  a  par¬ 
ticle  that  i'-  initially  anclu-iged,  and  it  is  allowed  to 
continue  fer  a  long  litnc  after  reaching  a  tcady  stale. 
Figure  3  shows  the  caily  pa:t  of  the  time  series  for  the 
particle's  charge.  The  charge  Fields  up  from  zero  toward 
an  equilibrium  charge  '0  ‘ =  <W. .  The  continuous 
model  gives  a  smooth  eai  vc  fer  ^|i),  wtillc  the  discrete 
mo.lcl  reveais  ihe  Jistrclc  naluic  of  Q.  with  random  lime 
steps  and  fluctuations  about  the  smoo'.li  curve  from  the 
continuoi '.f  model. 

The  fractional  fluctuation  is  strongest  for  smallest 
pa.  ticles.  It  obeys  &Q;(Q}  -  fl  5<^  V'>  for  a  wide 
range  of  plasma  and  particle  parameters.  The  square- 
root  scaling  is  the  ,  ame  to  in  coun'i  ■  •  statistics,  where 
the  fraetio.ial  uncertainty  of  a  court  N  is  W  '  ’  The 
power  spr'clrum  of  the  fluctuaiio.is  is  dominated  by  very 
low  freij'ueneics,  with  half  the  spcelral  power  lying  at 
frequencies  below  O.IJM  r"  '.  Here  r  is  the  charging  liinc. 
as  defined  in  equation  (7).  At  higner  frequencies,  the 
spccirai  power  diminishes  as  the  second  power  of  fre¬ 
quency,  /  ^. 


7.  ConUurtlnatiop  control 

Here  I  suggest  a  S(icciil>itive  idea  for  eoalaminatjon 
control  during  plasma  processing  based  on  an  undi  r- 
slandingol  ihe  charging  prneesses  described  in  this  pajvr. 
C  inlarninalion  might  be  eontriilled  bv  inducing  a 


pcsilivi;  charge  on  Ihe  pnrticies,  A  positive  charge  is 
important  because  i'.  is  lelieved  that  only  negatively 
charged  particles  are  eonliiied  in  a  laboratory  discharge, 
A  discliiirgc  fin  the  absence  of  significant  egative  io 
density)  has  a  latutal  chetric  potential  that  tends  to 
confine  r  cgatively  charged  particles.  By  promoting  elec- 
iron  en.ission,  the  parliclc;  will  charge  posillvcly  and  be 
eipciled  from  the  plasma  They  wifl  either  strike  the 
iTcctic.'. :  or  escape  radially  from  ihe  discharge. 

In  I'le  case  of  scrondarv  emission,  electron  emission 
can  be  promoted  by  heating  the  electrons,  perhaps  by 
OjKtr.iting  w.lh  a  low  gas  pressure  or  using  an  electron- 
heating  source  such  as  microwave  power.  Kot  nhoto- 
cmission,  one  could  dclibcraiely  illiiminatc  the  plasma 
svith  a  uv  source.  It  rr:iy  he  useful  to  know  that  the 
particle  s  charge  can  iiiictuale  Io  a  positive  value  even  if  it 
IS  not  trossihle  to  charge  it  positively  all  of  the  time. 

To  be  ctii'clive,  a  contamination  control  method 
tiiiist  cither  picvcni  growth  of  particles  to  a  harmful  size 
or  transport  them  away  from  the  substrate.  T  he  tech¬ 
nique  proposed  here  could  serve  ihe  first  purpose,  and 
perhaps  the  second.  Some  particles  might  be  forced  to 
land  on  the  substrate  by  promoting  a  positive  charge. 
This  would  he  aeceptable  i.  it  hapficns  while  they  arc 
still  iiano-particTes,  which  arc  loo  small  to  cause  a  defect. 
Provided  .hat  the  source  of  liv  or  electron  heating  is 
appsied  constantly,  or  poised  rapidly,  any  particle  that 
begins  growing  will  be  cxjKTIcd  from  Ihe  plasma  before 
it  ha,s  time  to  grow  to  a  harmful  size 
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Abstract.  We  present  some  results  from  numerical,  fluid  and  particle  models  of 
non-thermal  low  pressure  rf  discharges  contaminated  by  dust  particles.  These 
models  have  been  used  ( 1 )  to  show  the  effect  of  the  presence  of  dust  particles 
on  the  electrical  characteristics  of  an  rf  discharge.  (2)  to  study  the  charge  and 
floating  potential  of  dust  particles  in  a  low  pressure  plasma  from  situations 
where  the  particles  can  be  considered  isolated  to  situations  where  they  interact 
electrostatically  and  (3)  io  study  the  effect  of  the  electrode  geometry  on  the  spatial 
distribution  of  dust  particles  in  an  rf  discharge.  The  results  confirm  the  existence 
of  electrostatic  traps  close  to  the  plasma-sheath  boundary  whose  shape  is  very 
sensitive  to  the  electrode  configuration. 


1.  Introduction 

The  formation  of  dust  particles  tias  been  observed  in  a 
number  of  pla.sma  applications  such  as  gas  discharge 
la.sers.  arc  di.scharges  for  surface  processing  and  low 
pressure  radio  frequency  plasmas  |l-8|  used  in  the 
micrrielectronics  industry.  These  particles  are  typically 
tens  of  nm  to  tens  of  pm  m  size  and  their  density 
can  be  as  high  as  lO*  cm  '  in  low  pressure  RF 
plasmas  l.Tb|.  The  presence  of  dust  panicles  in 
etching  or  deposition  plasmas  is  problematic  due  to  the 
contamination  of  the  substrates  to  be  processed.  The 
mechanisms  of  generation  of  the  particles  are  system 
dependant.  They  can  be  produced  by  plasma  surface 
interaction  or  created  in  the  volume  by  pr'lyme.i/.ation  of 
the  gas  or  its  dissoci.ition  products  It  has  been  observed 
that  dust  panicles  are  more  easily  formed  in  discharges 
in  electronegative  gases.  This  suggests  that  particle 
formation  and  growth  is  often  linked  to  the  presence 
of  negative  ions  which  have  long  residence  times  in  Kl- 
glow  discharges  and  can  initiate  clustering.  I’articles  can 
also  be  present  in  discharges  in  inert  gases  svhere  theii 
presence  probably  results  trom  the  discharge  electrode 
interaction. 

A  number  of  modelling  studies  of  dusty  laboratory 
plasmas  have  beer,  published  recently,  where  .iltempis 
have  been  made  to  understand  the  charging  of  dust 
particles  and  plasma  particle  interactions  j9-ld|  .ind 
transport  phenomena  of  dust  particles  in  low  pressure 
Rf  plasmas  |  I.V  I6|  These  studies  hate  benefited  from 
the  important  lilerature  published  in  the  field  ol  dusty 
plasmas  in  space  (see,  e  g..  1 17  19]  which  piesents  many 
similarities  with  dusty  laboralors  plasmas. 

In  this  paper  we  shell  concentrale  on  the  conse 
quences  of  the  presence  ol  dust  particles  in  a  low 
pie.sure  plasma  and  on  the  plasma-particle  electrical 
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interactions,  without  considering  the  mechanisms  of  the 
formation  of  these  particles. 

The  main  consequences  of  the  plasma-particle 
electrical  interactions  can  be  summarized  as  follows. 
(I)  Particles  immersed  in  a  plasma  acquire  a  negative 
charge  and  negative  potential  with  respect  to  the  plasma, 
due  to  the  large  mobility  of  electrons  compared  with 
that  of  positive  ions.  The  rtrle  of  this  negative  charge 
and  potential  is  to  ensure,  at  steady  slate,  equality  of 
electron  and  positive  ion  Duxes  to  the  panicle  (the 
particle  behaves  as  a  probe).  The  charge  and  floating 
potential  of  a  dust  panicle  depend  on  its  size,  on  the 
electron  to  ion  mass  ratio,  arJ  on  the  local  plasma 
properties  (electron  and  ion  temperature).  Note  ihul 
the  charge  and  lioalmg  poicnlud  of  a  p.irticle  may  also 
depend  on  the  conceniralion  of  dust  particles,  since 
electrostatic  inleraclion  between  dust  particles  .s  possible 
.It  large  eoncenlialions.  Id)  Due  to  the  cor'inuous 
electron  and  ion  Du.xes  to  the  particles,  the  presence 
of  a  large  conceniralion  of  dust  particles  can  have  a 
strong  iiiiUicnce  on  the  cTc.ilion/loss  hulance  of  ch.irged 
particles  in  the  plasma  |9  I  1 1  These  losses  must  he 
compensated  by  an  increase  in  the  ionization  tale  and 
therefore  in  the  plasma  eleclnc  tield  iD  Dusi  particles 
are  subjected  to  sarions  Imccs,  electiosialie  (due  to  the 
field  III  the  discharge),  ion  dt.ig  (momeiilum  exchange 
wiih  ionsi.  foice  due  lo  the  gas  Mow,  Ihcrmophoietie 
fotee,  gravily,  etc.  The  coiiipv’lilion  between  these 
different  birces  may  ivsull  in  the  trapping  ol  the  dusi 
particles  in  some  well  detined  legions  ol  ihe  disch.irgc 
as  suggested  in  1 1 .1  Ibl 

l'.x|X.‘rimcms  by  Hohm  and  l-’eriin  |.!()j  have  shown 
a  g(h>d  example  ol  Ihe  elleci  ol  the  piesence  of  sTuirged 
particles  on  ihe  elecinc.il  ch.u.iclenstics  ol  a  silane  K' 
disehaige.  Their  meaMiiemenis  oi  ihe  [xiwei  dissipal'u! 
in  the  dischaige  .is  a  luncuou  ol  Hi  voll.igc  i.ii  coiisi.im 
pressure)  exhibil  ,in  jbiupi  iiaiisilioii  in  ilic  discharge 
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impedance,  from  capacitive  to  resistive,  above  a  critical 
RF  voltage.  This  transition  is  accompanied  by  a 
complete  spatial  redistribution  of  the  light  emitted  by 
the  discharge.  The  transition  has  been  attributed  to 
the  appearance  of  large  concentrations  of  dust  particles 
in  the  discharge.  We  shall  discuss  in  section  2  some 
of  the  experimental  results,  and  ,he  numerical,  fluid 
and  particle  models  [21]  which  have  been  developed  to 
analyse  this  transition. 

In  order  to  better  understand  plasma  particles 
interactions,  Boufendi  ei  al  [8,11]  have  designed  an 
experiment  where  dust  particles  created  in  a  silane-argon 
plasma  are  subsequently  trapped  in  a  pure  argon  plasma. 
Such  a  plasma  is  easier  to  study  and  to  model  since 
the  formation  and  growth  processes  are  expected  to  stop 
when  silane  is  removed.  We  have  developed,  under 
the  conditions  of  the  experiments  of  Boufendi  ei  al 
where  the  particle  concentration  and  size  as  well  as  the 
discharge  electrical  characteristics  had  been  measured,  a 
particle-in  ceil  Monte  Carlo  simulation  able  to  provide 
the  charge  and  floating  potential  of  the  dust  particles  and 
the  plasm.t  electric  field  [lOj.  These  parameters  have 
then  been  used  to  calculate  the  electrical  characteristics 
of  the  discharge  in  contaminated  argon,  and  to  compare 
these  results  with  experiments  j  1 1  ]  This  work  will  be 
described  in  section  .T 

A  number  of  optical  measurements  have  shown  that 
particulates  tend  to  accumulate  in  some  well  defined 
regions  close  to  the  plasma-sheath  boundaries  j  1 -<>|. 
Se.wyn  el  al  [2|  have  observed  by  laser  light  scattering 
some  spectacular  distributions  of  dust  particles  (rings 
around  .semiconductor  wafers  and  dome  above  the 
wafers)  in  RF  etching  reactors  and  have  shown  that 
these  distributions  are  very  sensitive  to  the  electrode 
configuration.  Measurements  of  the  spatial  distribution 
of  potential  in  pristine  and  contaminated  RF  plasmas 
by  Oeha  ei  al  |22|  and  Carlile  and  Geha  |2.1|  tend  to 
prove  that,  depending  on  the  electrode  configuration, 
on  axis  or  olf-axis  electrostatic  traps  for  dust  particles 
(regions  of  local  maximum  of  the  (Xitcntial)  can  exist 
in  an  RF  discharge  near  the  plasma-sheath  boundaries. 
We  have  developed  20  fluid  models  of  Rl  discharges 
to  study  the  influence  of  the  electrode  geometry,  gas 
pressure  and  other  paratnclers  on  the  electrical  properties 
of  the  discharges.  We  present  in  section  4  some  results 
Irom  these  20  models  in  contaminated  and  pristine 
plasmas  The  results  show,  in  qualitative  agreement 
with  the  experiments,  the  presence  of  lix.al  maxima 
of  the  potential  in  the  plasma  sheath  region,  and  the 
accunuilalion  of  dust  panicles  in  these  regions. 


2.  InfluAnco  of  dust  particles  on  the 
characteristics  of  a  silane  discharge 

We  discuss  here  the  influence  of  the  presence  of 
dust  panicles  on  the  electrical  characteristics  of  an  Rl 
discharge  in  silane  on  the  basis  of  exfienmcnis  by  Bohin 
and  Perrin  |21)|.  and  numerical  moUels  b>  Biseuf  and 
Bclenguer  |2 1 ) 


The  experimenis  of  Bohm  and  Perrin  [20]  were 
performed  in  a  symmetric  discharge  chamber  with  a 
3.6  cm  gap,  at  13.56  MHz  in  pure  silane  and  for  two 
values  of  pressure:  55  mTorr  and  185  mTorr  (at  220  °C). 
Current  and  power  dissipated  in  the  discharge  have  been 
carefully  measured  as  a  function  of  applied  RF  voltage. 

Two  different  clf-consistent  models  [21]  have  been 
used  to  calculate  the  same  parameters  under  the  same 
conditions  as  in  the  experiments.  The  models  are  based 
on  solutions  of  electron  and  ion  transport  equations  in 
silane,  coupled  with  Poisson  equation.  In  the  first  model 
(fluid  model),  electron  and  i  t  transport  is  described  by 
macroscopic,  fluid  equations,  while  in  the  second  mooel, 
a  particle-in-ce!l  Monte  Carlo  (PIC  MC)  simulation 
124-26]  is  used  (the  PIC  MC  model  is  more  accurate, 
especially  at  low  pressure,  but  considerably  more  time 
consuming  than  the  fluid  model). 

Figure  1  shows  a  comparison  between  experimental 
and  numerical  results  for  the  power  deposition  versus 
the  RF  voltage  for  the  two  pressures  considered.  At 
lov'  pressure  (55  mTorr,  figure  1(a)),  the  Ptc  MC  model 
is  in  good  agreement  with  the  experiments  while  (he 
fluid  model,  as  expected,  docs  not  compare  very  well 
with  the  experiments.  At  higher  pressure  (185  mTorr, 
figure  1(b)),  fluid  and  PIC  MC  models  give  similar 
results,  but  both  models  predict  a  power  deposition 
much  lower  than  the  experimental  one,  when  the  RF 
voltage  amplitude  is  above  100  V.  The  measured  and 
calculated  phase  :>hifl  between  current  and  voltage  is 
displayed  in  figure  2  a'  a  function  of  RF  voltage,  for  55 
and  185  mTorr.  Again,  reasonable  agreemen:  between 
experiments  and  calculations  is  obtained  at  55  inTorr, 
while  the  phase  shift  predicted  by  both  models  is 
considerably  lower  than  the  measured  one  al  1 85  mTorr 
The  measured  phase  shift  at  185  inTorr  shows  that  the 
discharge  impedance  becomes  strongly  resistive  above 
UK)  V 

The  abrupt  transition  observed  experiinenially,  fiom 
a  capacitive  impedanee  to  a  resistive  impedance  at 
185  mTorr,  has  been  allribulcd  |20,  21)  to  the  presence 
of  dust  particles  in  the  discharge.  These  particles  may 
be  either  produced  in  larger  quantities  or  more  easily 
trapsed  when  the  Rl  voltage  is  increased  above  UK)  V 
(note  also  the  existence  of  a  hysteresis  effect  aiound 
UK)  V).  This  interpretation  of  the  experimental  results  is 
supported  by  some  riiinierical  calculations  also  displayed 
in  ligures  1  and  2,  which  have  lx*cn  [lerformed  assuming 
that  the  ailachmeni  cross  section  is  about  ten  limes  larger 
than  in  pure  silane  (no  other  tilting  parameter  has  been 
used)  Under  this  assumption,  the  (xiwer  dissipated  and 
the  phase  shilt  ptedicied  by  the  models  are  m  excellent 
agreement  wiih  the  exivrimenls  m  a  large  laiige  of 
RF  voltages  (see  the  square  synilxils  in  figures  I  and 
2)  Increasing  the  attachment  cross  section  ol  silane  ni 
the  calculations  is  ei|uivalerii  to  increasing  ihe  electron 
losses  It)  Ihe  plasma  volume  I  he  results  therelore  show 
that  the  transition  observed  ev|X'rinienially  is  asS' mated 
with  an  abrupt  increase  ol  the  election  losses  in  ihe 
plasma  volume  This  increase  ol  charged  particles  losses 
san  he  assrxiaied  sviih  the  presence  ot  particulates  in  Itie 
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Figure  1.  Measured  and  calculated  power  dissipation  in 
a  13.56  MHz  discharge  in  silane  (gap  length  3.6  cm,  gas 
temperature  220  C)  as  a  function  of  the  peak  nr  voltage, 
(a)  55  mTorr,  (b)  185  mTorr;  aftei  (21]  (measurements  are 
by  BOhm  and  Perrin  [20]). 


f  .gure  2.  Measured  and  calculated  cosine  of  the  current- 
voltage  phase  shift  in  a  silane  dr  harge  as  a  function 
of  the  peak  nr  voltage  (same  conditions  as  figure  1): 

(a)  55  mTorr,  (b)  185  mTorr;  after  [21]  (measurements  are 
from  [20]). 


discharge  (particulates  behave  as  micruscupic  probes  and 
can  be  considered  as  a  distributed  sink  of  electrons  and 
positive  ions,  see  below). 

Finally,  we  mention  that  measurements  of  the  spatial, 
time  averaged  distribution  of  the  optical  emission  of  the 
discharge  in  the  185  mTorr  case  show  that,  during  the 
transition,  the  emission  profile  changes  from  the  well 
known  two-peaks  (maxima  of  the  emission  at  the  sheath 
edge,  lower  emission  in  the  plasma)  profile,  to  a  protile 
with  a  much  more  intense  emission  in  the  plasma  volume 
120],  The  nature  of  the  emission  alstr  changes  during 
the  transition.  These  changes  are  due  to  the  fact  that 
the  distribution  of  the  electrtc  held  In  the  discharge  is 
strongly  affected  by  the  presence  of  dust  panicles.  The 
plasma  electric  field  has  to  increase  substantially  in  order 
for  electron  impact  ionizaiton  to  balance  the  electron 
losses  to  the  paniculates  in  the  plasma  volume 


3.  Charge,  floating  potential  and  plaama 
alactrfc  field  In  a  contaminated  plaama 

'  .  older  to  belter  understand  and  quantify  the  charging 
of  dust  panicles  in  a  laboratory  plasma,  we  have 
developed  a  self  consistent  Pit'  Mt'  simulation  |IU| 
which  can  provide  the  charge  and  fiitaiing  potential 
of  a  dust  panicle  as  well  as  the  elcclnc  field  which 


is  required  to  sustain  the  plasma.  This  mood  alio, vs 
the  dett.-mination  of  these  parameters  from  .otuaiious 
where  the  particulates  cun  be  considered  to  be  isolaiid 
to  situations  where  they  interact  electrostatically.  It 
assumes  a  uniform,  steady  slate,  IX"  plasma  '  or 
a  given  density  ap'f  size  of  particulates,  the  i  b.i'  r 
and  floating  prricniial  are  obtained  by  simulaui  v  V; 
trajectories  of  a  large  number  of  electron!,  an,'  e  is 
in  a  volume  element  around  the  paniculate  i  l 
proper  boundary  conditions)  subjected  to  accel  n  non 
by  the  self-consistent  electric  held  (partielc-in  eel  :  a  a 
collisions  with  neutrals  (Monte  Carlo!  The  as  ra,  e 
electric  field  is  obtained  by  requiring  that  the  p'.isnn 
be  self-sustained,  i  e  that  electron  and  ions  los:  s  ue 
the  particulates  must  be  exactly  balanced  by  ioni  .  .n. 
The  simnlalions  have  been  performed  under  ce  i'  i  < 
close  to  the  expeiimcnls  of  Boufendi  er  <il  |8,  1 1 1  /.  ti,  e 
dust  panicles  created  In  an  argen  silane  disch at- 
subsequently  irapned  in  a  pure  argci  discharg  These 
conditions  correspond  to  li.l  Torr  l300  K)  argo  svuh 
a  dust  panicle  density  ol  10*  cm  '  and  i  ihe 
Oil  ,um  range  Calculations  lor  smaller  o,  :  •  •  icle 
densities  and  larger  size  have  also  been 

Figure  I  shows  Ihe  sustaining  electr  .  1 
electron  temperature  a,  a  funciioe  ol  lu.i:  '-  .  : 

flowing  through  the  plasma,  predicted  by  0  .  .  tru. 

for  a  dust  particle  density  of  10*  m,  '  and  '  ‘  mii-s 


J  P  Boeuf  el  al 


of  the  dust  radius.  The  electric  field  can  reach  quite 
large  values  (/•'//?  is  in  the  100  V  cm  '  Torr''  range) 
and  does  not  depend  on  the  current  density  in  the 
considered  range.  The  average  electron  temperatuie 
and  electron  energy  distribution  function  (EEDF)  (see 
(10])  are  very  close  to  the  temperature  and  the  EEDF 
which  would  be  calculated  in  a  pristine  plasma,  under 
the  same  reduced  electric  field.  This  is  due  to  the 
fact  that  under  these  conditions  of  large  dust  panicle 
density,  the  floating  potential  of  ifie  dust  particles  is 
relatively  small,  as  shown  in  Hgure  4(a).  The  shape 
of  the  electron  distribution  function  is  therefore  not 
affected  much  by  the  presence  of  the  dust  particle.  For 
lower  du.it  particle  concentrations,  the  floating  potential 
is  larger  and  the  EEDF  is  shifted  to  lower  energies  |9|. 
The  low  values  of  the  floating  potential  and  charge 
of  the  dust  particles  (figures  4(a)  and  (b))  under  our 
conditions  of  large  particle  concentrations,  are  due  to 
the  fact  thai  'he  dust  panicles  cannot  be  considered 
to  he  isolated,  and  that  the  distance  between  them  is 
much  smaller  than  the  electron  Debye  length  and  is  not 
laige  with  respect  to  the  ion  Debye  length  (which  is 
closer  to  the  actual  shielding  length  for  small  particle 
radii  (121).  This  situation  corresponds  to  the  case 
where  the  dust  particles  interact  electrostatically.  The 
plasma  behaves  as  a  strongly  electronegative  plasma, 
and  the  electron  number  density  is  between  one  and 
two  orders  of  magnitude  lower  than  the  ion  density 
(see  figure  .“i  of  reference  |IO|l.  For  example,  for 
a  current  density  of  (1,1  mA  cm  ',  the  calculations 
give  (for  dust  particle  density  and  radius  of  10’'  cm  ' 
and  0,1  /rm)  values  of  the  electron  and  ton  number 
densities  aiound  2  s  lO’  and  l(l‘'  cm  ‘  respectively. 
This  is  consistent  with  figure  4(b)  which  shows  that 
each  paniculate  carries  about  ten  negatise  charges  under 
these  conditions  (plasma  neutrality).  The  effect  of  large 
particle  eoneentralions  has  two  consequences  which  have 
opposite  effects,  as  discussed  by  Whipple  el  al  1 17|.  The 
hist  consec)uence  is  a  decrease  m  the  lloatmg  potential 
due  to  electron  depletion  The  second  conseciuenee  is 
,in  insrease  in  the  dust  particle  capacitance  which  leads 
to  an  increase  m  the  number  of  charges  carried  by  the 
particles  lor  a  given  floating  potential  (the  number  of 
eh. ages  /,,  carried  by  each  particle  is  related  lo  the 
lloatmg  potenlial  (pj  by  <'/,i  -  (  ,il</).i!,  where  (a  is  the 
dust  |i.irlicle  capacitance  |l7|i.  However  ibis  mciease 
IS  noi  imfsort.int  lor  conilitions  where  the  dust  panicle 
ladius  IS  small  with  ies|X'cl  lo  the  distance  between 
particles  I  which  is  the  case  heiei  and  the  diisi  panicle 
c.ipacii.iiice  IS  well  approvmuiled  by  the  isolaled  p.inicle 
c.ipacilaiice,  ( ',,  -  4,T,‘iir,i  o.,  is  the  p.iilicle  raih’is).  as 
c,in  be  checked  in  ihe  numerical  resiilis  ol  ligiin  i,  I  he 
oveiail  elfeci  ol  huge  particle  coiiceniialions  is  ilicieloie 
,1  deciease  in  the  lloaliiig  |xiienii.d  and  in  die  niimbei  ol 
ilhiiges  c, lined  hv  Ihe  (  tilu  les 

f  or  sin, did  dust  partii  le  densities,  the  electiic  lield 
in  the  pl.isni.i  is  ni'  longer  independent  ol  the  cuiient 
density  and  the  (huliiig  (solenpal  can  reach  higher  values. 
■Is  Call  be  seen  in  liguie  '  I'his  corresponds  lo  .i 
ir.insiiion  Iiom  a  siiualion  where  the  disuince  beiweeii 
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Figure  3.  Variations  of  (a)  sustaining  electric  field  and  (b) 
electron  temperature  with  current  density  in  a  dusty  argon 
plasma  at  O.l  Torr  (300  K).  concentration  of  dust  particles 
10"  cm  lor  three  values  of  the  dust  particle  radius;  after 
(111 


particulates  is  small  with  respect  to  the  Debye  length 
fdusi  particles  interact  electrostatically),  lo  a  situation 
closer  to  the  case  of  isolated  particulates,  hi^ures  !S(a) 
ami  (b)  show  that  when  the  electron  Debye  lenpth 
becomes  small  enough,  the  tloaiing  potenli.il  ol  ihe  dust 
particles  lends  lo  a  i  onsiani  value  eorrespoiuhn^  lo  ihe 
isolaled  case  (ihe  mn  Debve  leneth.  not  repiesenied  on 
fij!ure  S.  Is  closer  lo  the  actual  shiekline  dislaniV  .ind 
Is  less  than  tvi»  limes  sm.itlei  ilum  the  elecltcn  '>eb,c 
lenplhi 

A  ID  model  of  the  kninpleic  K)  disyh.uu'c  in 
contaminated  .upon,  incliuiinp  a  pocn  fiailKiilatc 
toncenlialion  and  m/i‘  i.onL‘s|X'iiiline  i.'  ilie  t.‘\pei  inients 
ol  houtendi  c/  <.7  l-Sl.  and  elcilion  .iiul  ion  losses  leinis 
xleineil  tiom  the  abo\i-  I’ll  Mi  siinulalion  has  t>een 
de\  L  loped  and  is  liesx  i  ibc.l  m  |  I  1 1  !  fie  ■.  ui  ik  iit  \  i  'li.iee 

i  h.ii  aciei  isiR  s  deM\ekl  lioin  Iftis  ii’iiiyki  ,jie  in  i’o'kI 
aereemenl  wiifi  the  measutenifni '  il  '  !  NUmsu  .■nu-nt' 
ill  liie  posilise  ion  klensil v  i n  ( he  pl.tsn;  .  |  s  |  .ils( -  .  'ii!n  / ' i 
ihe  \alues  ol  the  dust  p.iilicic'  Ji.iiec  j  '  .likiid  ’  n  •!:. 
I’M  Ml  Mimdation  'id  ifu  ouki  ol  .i  ft. v,  n  '  . 
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CuiTent  De  isity  (mA/cm’)  Current  Density  (mA/ctn’) 


Current  Density  (mA.'cnr) 

Figure  4.  Variations  of  (a)  (ioating  potential  (the  potential 
reference  is  the  average  plasma  potential),  and  (b)  number 
of  negative  charges  with  current  density  in  a  dusty  argon 
plasma  at  0.1  Torr  (300  K)  (same  condiiions  as  in  figure  3); 
after  (11). 


Ciirreni  Density  (niA/enf  i 


Figure  5.  Variations  ot  (a)  sustaining  electric  fleid  and  dust 
floating  potential  (tbs  potential  reference  is  *he  average 
plasma  pc  tential)  end  (b)  electron  Debye  length  and 
number  ol  charges  with  current  density  in  a  duspy  argoi 
plasma  ai  0.1  Torr  (oOO  K),  concentration  of  oarticulates 
10^  cm  radius  of  part'Culates  IOC  iim:  alter  Ml) 


4.  Particle  traps  in  an  RF  discharge 

Under  the  experimenial  conditions  of  Boufendi  ei  ul 
(i.e.  veiy  large  panicle  concentrations,  up  U)  10"  cm  ’). 
laser  light  scattering  measurements  of  the  dust  panicle 
concentration  showed  that  the  parliculates  were  roughly 
uniformly  disiribulcd  spatially  in  the  plasma  voiume. 
This  is  the  reason  why  the  PIC  MC  model  described  above 
assumed  a  uniform  plasma. 

However,  as  already  mentioned,  a  number  of  expeii- 
incnts  have  shown  that  dust  particles  often  accumulate  in 
some  sery  locali/ed  regions  of  the  discharge,  generally 
close  to  the  plasma  sheath  boundaries.  Measurements  of 
the  spatial  disiribution  of  the  potential  in  the  plasma  by 
(it ha  i  l  al  |2i!|  and  Carlilc  and  fieha  12.1)  have  suggested 
that  the  particulates  may  be  confined  by  electrostatic 
traps  whose  structure  and  location  is  very  sensitive  to 
the  eleclinde  conhguration  and  nature. 

In  order  to  studs  the  questions  ot  electrostatic  traps 
III  Ihc  Jisch.irge  and  ot  then  inUtience  on  the  confine. item 


of  du.st  particles,  ssc  have  developttd  a  2D  self-consistent 
fluid  okkIcI  of  KF  di.scharges  which  can  deal  with 
varn.'us  electrt'iit  and  chamber  geometries.  In  this  model 
electron  transport  is  described  by  continuiiy,  momentum 
anu  energy  equations  The  mtidei  is  more  accurate 
than  the  discharge  mtideis  describttd  in  127)  since  it 
does  mil  jse  the  local  equilihr.um  approximation  to 
calculate  the  ioni/alion  rate  and  oiiatr  eleelron  transport 
parameters  F.-eqtiencies  lor  loni/.alion,  iT.inn-mum 
exchange  and  energy  exchange  as  well  as  the  diffusion 
cocflicient  and  mohilily  at  a  given  location  and  lime, 
arc  assumed  to  depend  on  the  value  of  ihc  electron 
mean  energy  tohiaineJ  from  the  energy  equation)  al  the 
same  position  and  time  The  correspHinding  funcliorials 
of  the  mean  energy  are  delermined  m  such  a  way 
that  they  would  give  the  usual  equilibrium  sw.irm 
data  under  a  constant  and  uniform  electric  lieli!  (see, 
for  example,  (2X|  for  a  discussion  on  tills  jxiint) 
Inertia  terms  are  neglected  in  the  momenliim  Iranstei 
equation  which  reduces  to  the  classical  drift  diflusion 
representation  ol  .he  electron  iliix.  The  tiansporl 
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Figure  6.  Contours  of  constant  (time  averaged)  potr^'.' al  in  a  helium  cJischarge  (1  Torr, 

13,56  MHz,  150  V  peak  generator  voltage),  lor  four  'liHeti'nl  electrode  configurations,  from  a 
2D  fluiti  model.  The  left  (white)  electrode  is  powered  inrough  a  capacitor.  The  (calcuiated)  oc 
bias  on  this  electrode  is  indicated  in  each  case.  The  other  electrode  is  giounded.  The  highest 
equipotential  contours  shown  correspond  to  a  value  of  the  potential  0.5  V  below  the  maximum. 
Cases  (a)--(d)  correspond  to  situations  of  increasing  asymmetry  ol  the  electrode  configuration 
(a)  the  walls  ol  the  chamber  are  dielectric,  and  the  discharge  Is  symmetric,  (b)  the  walls  oi 
the  chamber  are  grounded,  (c)  the  left  wall  surrounding  the  cathode  is  also  grounded,  (d)  the 
cylindrical  wall  around  the  cathode  is  also  grounded. 


icn.’s  ot  the  energy  equation  are  approximated  in  the 
usual  way,  including  the  thermal  flux  term  Isoe  lor 
example  |2X-3I]'.  Ion  transport  is  described  with 
a  continuity  and  momentum  equation  m  the  drift 
diffusion  approximation.  The  numerical  method  used 
for  electron  and  ion  transport  equations  is  based  on  an 
implicit  tinite-difference  technique  using  the  .Scharfetler- 
(junimel  scheme  |27,.12|  The  Poisson  equation 
is  solved  with  an  .SOK  (successive  over  relaxation) 
method.  The  model  can  deal  with  variou-.  electrode  and 
chamber  conhgun  ions  with  different  kinds  of  boundary 
condition  (cylindrical  or  rectangular  geometry,  metallic 
walls,  dielectric  walls,  floating  potential  conducting 
walls,  or  periodic  transverse  boundary  conditirrns  in 
the  rectangular  case).  The  DC  bias  is  calculated  self 
consislently  so  that  no  IX'  current  flows  through  the 
discharge. 

The  calculations  dcsciihed  helow  correspond  to 
tlischarges  in  pure  helium  and  contaminated  helium 
(secondly  electron  emission  fiom  the  electrodes  or  walls 
IS  not  included) 


4.1.  Results  in  pure  helium 

Figure  6  presents  the  contours  of  a  constant  (time 
axeraged)  potential  in  a  I  TS6  Mfiz  discharge  in  I  Torr 
pure  helium.  1.51)  V  peak  generator  voltage,  lor  lour 
different  electrode  configurations  The  small  (left) 
electrode  is  powered  through  a  capacitor  and  the  large 
electrode  is  grounded  The  calculated  DC  bias  in  each 
case  IS  indicated  on  the  tigure  We  see  that  the  averaged 
potential  presents  local  maxima  at  different  localions 
of  the  chamber,  depending  on  the  electrode  geometry 
The  region  of  maximum  potential  forms  a  ring  around 
ihe  discharge  gap  in  ligurc  bia)  vslicre  the  walls  of  the 
chamber  are  dielectric  (symmetric  coniiguiation,  no  tX' 
bias).  In  figure  6(b)  (conducting,  grounded  walls)  the 
region  ot  potential  maximum  forms  a  ring  around  the 
smaller  electrode  In  the  contiguration  ot  tigure  6(c) 
where  the  walls  ot  the  chamner  on  the  small  elecirode 
side  are  also  grounded,  one  can  see  two  regions  ol 
rnaxiinum  |)oteritial,  one  in  the  form  of  a  ring  around 
Ihe  small  elecirode,  and  Ihe  other  one  in  the  lorm 
ot  an  ellipsoid  on  the  discharge  axis,  close  to  (he 
powered  electrode  In  figure  6(d),  where  the  cylinder 
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Figure  7.  Contouis  of  con*'.tant  lime  averaged  electron  density  under  the  conditions  of  hgure  6 


surruLiiulin^,'  the  poACivt*  clccivodc  is  ^unnuicJ.  the 
1‘ilipsind  IS  stiM  prefer.!,  hut  ifie  nir.  has  iJisappearcd 
These  p'suhs  arc  in  qiialliaii'.e  aereement  ^Mih  the  njihi 
seaiteniiL'  oh^e^^a^H)n^  id  Seluvn  ef  j  arid  ^vnij  ilic 
pntenfud  ilisinhmiui’  mLasiirenients  nf  (ioha  e/ u/  |2-j 
Note  that  the  Injjtiest  et|uipnlenl!a!  ennlcurs  ^hsplavcd  in 
fiu^ut'es  h(ai  id;  e< aiesi'HinJ  to  a  sahie  ot  ttu  potential 
(),j  hel<»s\  the  in.iMiTiiKii  jndenihJ  (dit  cient  tor  each 
ot  (tie  I  Hi:  e^|se^)  This  nieuis  (hat  most  o|  ihe  dust 
partieU*''  pn-s',  iit  in  (he  vto.eh.uee  would  he  loe.ited  in 
ihe  lepiop  deluinieJ  h\  (heso  coiuouis,  it  h  ices  otliei 
ihan  (he  eleeiroNtatie  loiae  were  neirli^'ible  (the  itiernial 
eneiey  A  llie  pailiv  ul.iies  is  a  Iraetion  ot  an  eVi. 

The  pvprential  m.i  .iin  i  are.  as  expeeietl  tssoeialed 
wiih  niaxini.i  oi  (he  plasiTM  density,  as  seen  in  ii.eure  ?, 
vshuh  uie  theiiisflves  rel.ned  to  the  spatial  distrihuiion 
o}  the  loiii/ation  lale  in  ihe  d'seh;u>’e  (displayed  in 
fietiie  Hi  Note  (ha!  ii'i  a  li)  pai.ille!  [dale  peonieli) 
(he  inaMiiKiin  o1  piiteiili.'i  is  neeessirily  loiaied  in 
(he  nnd  pap  il  eietlnut  losses,  siuli  as  rci tiinhiiKilion, 
aie  neeiieihle  even  (hoiiph  (he  i(.:n/aii»)n  rate  ptesenis 
sdone  inaMina  neat  eatli  eUMi.ide  (n  a  Jl)  p(nnneir\. 
polciitial  ni.t'.jiiM  k  an  tx'  loiiiieij  hii  (he  disvha'pe  ixo 
and  ^.losei  i>>  one  eletliode  due  to  (he  a->niineli\  ol 
I  he  V  on  lieu  I  at  n  mi  i  (ipute-  hi  h  i  <  d  1 1.  I  ait  %.  an  also  he  oM 
.i\is  ifieuies  fi(a<  u  ),'  Ihis  IS  heCaiJse  ladial  anihi[*o|ai 
losses  ot  n>iis  aie  fHi  .sihle  in  a  peonietfv .  and  maxima 
i'(  (>!,l^nla  densitv  can  t'c  elosei  lo  in.iximaot  i«'ni'.ilion 
lale  \  leuie  H  sti«iws  ihe  etfep  i  ol  ihe  cleviio  Je 


peomeiry  4»n  the  loni/aiion  laie.  anil  eonifnirisons 
between  tipure  H  and  heine  7  help  undei slaiuiiiip  the 
locations  of  inaxinii.m  plasnui  deiisuv  and  poleniial 
Unite.  Iniwcvei  that  (he  al^uuin  l>e{ween  tite  spatial 
disir  bu’ions  ot  election  dciisuv  and  unn/aiion  rate  is 
raihei  complex  and  that  ntaxinia  of  plasma  dei.siiv  do 
not  etirrespond  tt)  maxim.,'  ot  lom/.jiion  rate) 

'Ihe  p<‘s«lion  *>l  the  maximum  potenli.d  is  extiemeh 
sensitive  to  vanous  fi.uamclers  sueli  .is  elecliode 
peomelrv  Uipiire  and  also  pas  [Hessuie.  .i'  seen  m 
lipine  ‘t  itielium,  H  MU/,  1 5u  \’  pea^  penei.itor 
voliape.  IX  t'l.is  mdicatei!  on  Ihe  hpuiei  In  (he  peomeiiv 
ol  hpiire  die  povsercvl  elet  node  loinis  a  cav  ii\  We  see 
that,  when  the  piessi.te  mcieases  hom  0  ^  Ion  to  1  Ion, 
the  lepion  ol  maxnimnt  pl.isma  densiu  land  [> 'lenuao 
moves  c)(»sei  to  die  msule  of  the  poweied  elei  liodt* 
while  Its  sh.ipe  chanpes  tioin  an  eilipsoid'  lo  a  nm’' 
.Note  als<»  dial  dk'  ’.alck  ikkl  l)(  tnas  mcie.oe^  wlum 
the  piessiiie  devrea-eN,  iii  apieemeiit  with  expen  nenial 
observations 

4  2.  Kesuits  in  vuntiiniiimted  ht  liuni 

VV'e  lias «.*  mi  hided  in  Hu.'  '  1 )  model  above,  iliisl  pai i x  le > 
ol  piven  si/e.  wnti  seif  lonsi  leiu  v  alculanoiis  of  tiien 
ihaipe  and  ll.jns|s*il  dae  to  (he  elei  (h»n|,i(k  and  ion  d'.ip 
}  Mce  Ihe  space  ehaipi  indaced  bv  liie  diisi  p.niicles 
IS  jImi  t  ikeii  mt»  ici  oum  \Se  h.ive  -ulded  lo  die  sei  "I 
eiju.iliori'-  I't  die  tlunl  iin »de!  oni i lUi!! v  ikiuai ion  ti  m  du.' 
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Figure  10.  Contours  of  constant  time  averaged  ionization  rate  in  the  conditions  ol  figure  9. 


Contaminated  Helium 
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Figure  11.  Contours  of  constant  dust  particle  concentration  in  the  conditions  of  figure  6(c):  (a)  small  dust 
particle  concentration,  (b)  large  dust  particle  concentration  (the  electric  field  is  affected  by  the  presence  of 
dust  parti:  les) 


dusi  particles  which  has  the  tulUiwiiig  form  (subscripts 
d,  c,  and  p  refer  to  dust  particles,  electrons,  and  positive 
ions,  respectively) 

d''j  _ 

— -  ♦  V  ■  (/.-jVj)  =  0 

()r 

'laVj  -  ii,i*al  e/.iF.'  -  Fa,.,  I  AiVri,, 


where  and  cj  arc  ihc  dciisiiy  and  \cU>ciiv  i>t  dusi 
panicles.  /.i  is  ihe  nunihcf  i*t  nc^aiive  chaises  earned 
hy  each  particle,  .md  />.,  then  mnhility  .ind 

ditt'usion  coetticicnl  All  these  i/iantiiics  dejvnd  nn 
^pace  and  tune  !  he  nni  dra^  tnree  >s  taken  Ironi 
the  analytical  expression  gisen  h>  Dau^ihenv  tin!  \  l^| 
The  number  ot  neiiaiive  charges  /.,  ifii  the  parlkles 
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is  obtained,  (at  each  location)  by 


3  2d 


=  t'd.c  -  >^d.p 


where  I'd.-  and  Wd.p  are  respectively  the  number  of 
electrons  and  ions  collected  by  the  particle  per  unit  time 
and  are  giver,  by  classical  orbit  theory  [14| 


"d.e  = 


I’d;, 


/&kTp' 

l.rz 

Vrrm, , 

j  exp 

fej 

00 

etfiA  \ 

1 

where  Me  and  Wp  are  the  electron  and  positive  ion  mass, 
Tc  and  Tp  the  electron  and  ion  temperature,  is  the 
floating  potential  of  the  dust  particle  at  each  location 
and  is  related  to  the  number  of  charges  Zd  by  (r^  is  the 
radius  of  ihe  particles) 


eZd  =  |i^d|47rfnrd- 

Loss  terms  of  the  form  tidi’d.e  and  /idVd.p  '^ere 
subtracted  from  the  source  terms  of  the  electron  and  ion 
continuity  epuations. 

The  .',et  ot  transport  equations  of  electrons,  pttsilive 
ions,  and  dust  particles  coupled  with  Poisson  equation 
(including  the  dust  particle  charge  density,  -Zdtid)  is 
integratt  I  in  space  and  time  until  a  harmonic  steady  slate 
is  reach  ’d,  In  order  to  make  the  calculation  tractable  in  a 
reasoiiuitle  time,  the  dust  particle  mobility  r(d(=  ettdZj) 
was  supposed  to  be  much  larger  than  its  real  value  and 
of  the  order  of  the  positive  ion  mobility.  The  value 
of  the  diffusion  coefficient  was  chosen  so  that  I)j/ Hc 
was  a  fraction  of  kT^/e  where  7",  is  the  neutral  gas 
temperature.  For  low  values  of  the  dust  panicle  density 
(when  the  dust  panicle  space  charge  can  be  neglected) 
the  disch  trge  calculations  and  the  dust  panicle  transport 
calculations  were  uncoupled  and  much  bigger  time  steps 
could  be  used  for  the  transport  of  dust  particles.  Note 
that  i*'  the  ion  drag  force  is  neglected,  in  the  case 
of  small  concentrations  of  dust  particles,  the  transport 
equation  above  gives  a  Boltzmann  distribution  for  the 
dust  particles. 

The  approximations  above  on  the  dust  particle 
transport  are  quite  crude,  but  our  goal  is  only  qualitative. 
The  purpose  of  the  calculations  was  ( I )  to  estimate 
the  influence  of  ion  drag  on  the  transport  and  spatial 
distribution  of  dust  particles  and  (2)  to  study  how 
this  distributi.,n  is  modified  when  collective  effects  are 
present  (large  concentrations  of  dust  particles). 

The  results,  for  dust  particles  of  0.2  )im  radius  and 
under  the  discharge  conditions  of  section  4.1,  >how  that 
the  electrostatic  ftircc  is  always  larger  than  the  ion  drag 
force.  For  low  particle  concentrations  (figure  l('■;a)), 
particles  aic  therefore  confined  in  the  electrostatic 
traps  descrirA.'d  above  For  large  concentrations  of 
dust  particlis  (typically  above  lO’  cm  '  for  0.2 
radius  particulates)  the  distribution  of  dust  particles 
is  modified  (figure  l()(b),  due  to  the  changes  in  the 


potential  distribution  induced  by  their  space  charge,  and 
to  the  increase  in  electron  and  ion  losses  which  leads 
to  an  increase  in  the  plasma  held.  The  distribution 
of  dust  particles  tends  to  be  more  uniform  for  larger 
concentrations.  For  dust  particles  concentrations  above 
10’  cm“’,  strong  (probably  numerical)  oscillations  of  the 
plasma  potential  appear.  When  the  initial  concentration 
of  particles  was  increased  from  a  few  10'*  to  a  few 
10’  cm”-’  the  number  of  charges  2d  on  the  particles 
dropped  from  a  few  thousands  to  a  few  hundreds, 
in  qualitative  agreement  with  the  results  of  section  3 
(transition  from  the  isolated  particles  ca.se  to  the  case  of 
electrostatic  interaction  between  particles). 


5.  Conclusion 

The  results  presented  in  this  paper  can  be  Oriefly 
summarized  in  two  points. 

(1)  The  presence  of  large  concentrations  of  dust 
particles  in  an  Rl-  plasma  stronglv  affects  (be  distribution 
of  electric  field  in  the  discharge.  A  substantial  increase 
in  the  plasma  electric  field  is  necessary  to  ensure 
that  electron  and  ion  losses  to  the  dust  particles  are 
balanced  by  ionization.  This  increase  in  the  plasma 
field  completely  modifies  the  electron  temperature  and 
distribution  function.  This  certainly  affects  the  chemical 
kinetics  of  the  plasma  and  may  lead  to  a  more  efficient 
prixluction  of  radicals  or  active  species  (due  to  the 
increa.se  in  electron  temperature ),  One  can  therefore 
think  of  using  dust  particles  to  increase  the  process 
efficiency,  although  this  would  need  a  complete  control 
of  the  transport  of  dust  partici' s  in  the  reactor  (in  order 
to  avoid  substrate  contamination.) 

(2)  The  2D  discharge  models  have  shown  that 
prrteniial  traps  for  dust  particle’s  exist  in  an  Rh  discharge, 
their  localization  depending  orongly  on  the  electrode 
and  chamber  configuration.  The  positions  of  the 
calculated  potential  traps  have  been  found  to  present 
.strong  similarities  with  the  '.ications  of  maximum  dust 
particle  concentrations  observed  experimentally  and  with 
those  deduced  fiom  prohi  measurements.  Although 
It  is  clear  that  other  forces  (ion  drag,  gas  flow, 
gravity,  thermophorelic  force)  affect  the  transfrort  of 
dust  particles  under  some  conditions,  our  results  stronglv 
suggest  that  the  electrostatic  force  related  to  potential 
traps  plays  a  central  role  in  the  spatial  distribution  of 
dust  particles.  We  think  that  2D  models  could  be  used 
to  help  designing  reactor  i  cniiguratiuns  allowing  a  better 
control  of  dust  particle  distribution  and  transport 
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Spatial  distributions  of  dust  particles 
in  plasmas  generated  by  capacitiveiy 
coupled  radiofrequency  discharges 
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Abstract.  The  transport  of  particles  (‘dust')  in  low-pressure  electrical  glow 
discharges  is  of  interest  with  respect  to  contamination  of  semiconductor  wafers 
during  plasma  etching  and  deposition.  The  distribution  of  dust  particles  in  these 
reactors  is  determined  by  a  variety  of  forces,  the  most  important  being  electrostatic, 
viscous  ion  drag,  gravitational,  ihermophoretic  and  neutral  fluid  drag.  In  this  paper  we 
present  results  from  a  series  of  computer  models  to  predict  ttie  spatial  distribution  of 
''list  particles  .  i  capacitiveiy  coupled  electrical  glow  discharges  considering  these 
forces.  The  results  are  parametrized  over  power  deposition,  gas  flow  and  particle 
size.  We  find  that  the  spatial  distribution  of  dust  depends  on  the  spat.al  dependence 
of  the  sheaths  and  plasma  potential  in  bulk  plasma  which  in  turn  depend  upon  the 
electrical  topography  of  the  surfaces.  Expenrnentalty  observed  'dome'  and  ‘ring' 
distributions  of  dust  particles  are  computationally  reproduced  fur  specific 
combinations  of  discharge  powe'  particle  size  and  substrate  topography 


I.  Introduction 

I’arliL'iih'fcs  Cdiisl'  particles)  arc  commuii  conlaniinanis 
in  linv-prcssnrc  (  <  hundreds  of  m  l  urr),  pai  iially  loni/cd 
iclcctrun  density  III"  It)' 'em  ')  pla'iiia  processing 
electrical  glow  discharges  for  seiincomloeto'-  etching  .ird 
deposiiioii  ft  10).  Tin:  dust  panicles  negatively  chaigc, 
and  particles  of  a  few  mieronietres  in  ^l/e  have  hundreds 
to  thou  aiuls  of  elementary  charges  (  1 1,  I  ?|.  Duvt  par 
tides  generally  aeeiitmilaie  it.  specilii  regions  of  the 
radio  rregiiency  (at)  ilischarges  which  . 'c  eoinmonly 
used  III  pla.  nia  proeessn.g.  Roth  er  al  lir  t  used  laser 
light  scattering  to  ubserve  that  particles  .icenmiilale  near 
the  bulk  plasma  she.ilh  bunndarv  in  ihesc  discharges 
[T  ].  as  w  as  laler  con'lrmed  by  Selw  sr,  er  m  ((!  4|,  Jclli.m 
el  III  7|.  and  Walan.ibe  cr  iil  (k,y)  l.argc  p.irlidcs 
(  -0.]  /iiiii  aecumulale  near  the  sheath  edge,  while  small 
particles  iccumulale  m  the  .'entri-  of  the  discharge  .it  the 
local. on  ‘rt  ihe  inasnnnm  in  the  pi.isin.i  potential-  .Sel- 
w\ii  el  1,1  [.7]  and  Carlilc  cl  ill  [T(l|  .ilso  observed  that 
particles  .iLc'umulalcd  in  rings  .ironnii  and  dome*,  above 
die  sciiiu  ondiiclor  waleis  in  rc-.clivc  mn  elching  (an  ) 
di*  ch.itgc'i 

Scmnicrer  el  nl  |  I  and  H. inn's  el  nl  III)  proposeil 
Ih.il  lr.iiis|iori  111  sm.ill  pariules  ivvlien  .’raviiv  is  not 
niip.'ii.inl)  isdommalcd  hy  two  I’oices  eleclrosl.iiic  and 
visciics  ion  ilrag  I  he  loimcr  lorce  iccelei.iles  nee.iiivc'ly 
cti. need  p.irticles  tow.iids  die  cerihe  .>l  eleelioposiiive 
isklf.-'is  'i.iiuli.i  N.i'inii.tl  I  •Mhiiijiicti.iUk'.  NM 

.h-  '■  I  h  I  S  \ 

;  I’tvM'itl  Hr'kk.iii'  '  I  I,i\;-r\'l>  1 '»i-|'.Hit)U-ni  i*f  (  iu 

I  MViniMiiik’.  S.ipty.i'ii  iKrvi  i.ip.in 

;  A  111  )i.  >1  h  I  'A  ht  'll  i  V  I'f  I i‘>pi 'lull'll,  c  h!)  *11  111  hr  .lUiliiNsiut 


plasmas  I'r  ivHAarils  ItKal  maxima  in  thi‘  ph.sma  p'Xci.- 
lial  The  laiicj  force  acf’ltYates  parii.lc*  in  ihc  din’ction 
of  nei  ion  l1ii\.  which  o.  gener:«i)y  tijwards  the  bound- 
arics  of  ihc  piasnui  ( 1  lie  urn  drag  force  res.jlo  from 
orbns  «>f  posUive  ions  aroumi  ihe  liusi  panicle  which 
transfer  momeniuin  lo  ihe  pariiclo  u.  ihe  direction  of  the 
net  jon  flux  [)  I.  |2J  I  hesc  forces  hake  also  been  ihcor- 
clicaiK  adtlrcsscd  bv  Cii.ives  ct  .w  (  »  a,  S6]  ar.d  computa¬ 
tional!)  .idJres-ied  b>  Cliv'i  aiul  K  ushtier  [  1 1 .  I  ."'J 

I  he  deiaiK  of  the  geometr)  o'"  ihe  rea.cior  are  ii.i- 
portant  m  delernuriing  the  location  al  h  ch  parlicies 
accumulate  in  Ki  di  cfiarges  l  or  example,  for  large 
particles,  the  electrostatic  .uul  ion  drag  forces  balance 
near  the  edge  of  the  slieaih  I  he  c  scincal  topograpoy  of 
Ihc  substrate,  whicli  deiermmcs  Ihc  shafv  *■(  ihv  sheath. 
IS  ihcrc(V>rc  imporlvint  m  dciernrM.ig  the  -hs'r'buiion  of 
dust  pa^Hclc^  Viscous  Him!  lorces  ca  eelerate  pailicios  in 
»hc  direction  v>f  the  gas  How  >  he  ilow  licid  thiough 
no//!cs  and  around  obstacles  c.  tlureiore  irnporlanl  with 
respect  lo  dust  disiiibulions  ihc  geometry  i>i'  the  rcac- 
toi  can  also  dcicrmtne  the  icmtseralure  liei  1.  vshich 
gen«?ratcs  ihermophoretic  lorces  i  l^J 

The  Miiporiancc  of  the  elLCl»ic*i!  topograph)  ol  ihc 
suhsliaies  in  dclermining  the  uivlnhuium  ('  dust  h.is 
been  noted  by  the  e\f»ci imenlai  chscrvaiions  ih.u  dusi 
tdlci*  actumulalcs  in  rings  and  domes  .ihi>vc  scmKi’!. 
duclor  wafers  1  IK]  Selwvn  ci  ,'/  [^]  .jIso  i>bscr\id  ih.ii 
particles  accumulate  in  llic  centre  <!  .neiallic  w.ishers 
placed  on  ifu:  elecl’okle  and  in  ginoes  s.irriumding  ihi- 
w;de  in  Kl  discharges  I  hese  t'l'sei  valioUs  .ire  presuni 
ably  exphuned  b\  the  {vriuihing  elfeclv  ol  the  e  U'po 
graphics  ->ri  tiie  potenli.d  pi olile  .ind  .on  Iluxes  I  iirthei 
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evidence  for  the  importance  of  the  electrical  topography 
in  determining  dust  distributions  can  be  found  with 
recent  electric  probe  measurements  of  the  plasma  poten¬ 
tial  in  itF  discharges.  These  measurements  showed  that 
particles  are  commonly  icund  in  the  vicinity  of  positive 
potential  traps  (perhaps  as  large  as  7  V)  at  the  edges  of 
wafers  [10, 18]. 

To  predict  the  accumulation  of  particles  in  kf  dis¬ 
charges  one  must  therefore  self-consislently  account  for 
the  shielding  at;d  charging  of  particles  in  the  plasma,  the 
ion  flux  which  provides  the  ion  urag  futce.s  the  electric 
field  which  generates  the  electrostatic  force,  the  Riiid 
flow  field  which  provides  the  viscous  drag  force  and  the 
temperature  field  which  generates  thermcphorctic  for¬ 
ces.  A  series  of  comruler  mouels  has  been  developed  to 
predict  the  dynam'C:,  of  the  motion  of  dust  particles  in 
capp.citively  coupled  at  discharges  considering  these 
forces.  The  models  arc  described  in  section  7  followed  by 
a  discussion  of  our  results  in  section  .1.  Our  concluding 
temnrks  arc  presented  in  section  4. 

2.  Description  of  the  model 

The  model  we  have  used  in  this  study  is  a  senes  ol  live 
linked  siimihitions.  schematically  shown  in  figure  1.  The 
first  model  is  a  pscudoparticle  in  cell  sininiaiion  (“it  s) 
which  provides  the  electrical  charges  on  the  dust  panicle 
and  ion  dust  momtintum  transfer  cross  sections 
[il,12].  The  sccoikI  is  iwo-ilimc.isional  Monte 
Carlo  lUiid  hybnd  iMt  ill)  model  for  plasma  pioperiics 
of  Ki  discharges  [  I'lj  The  third  c.  a  iwo-diinensional 
plasma  chemistry  Moiuc  Carlo  sinuilation  Cs  Mi  s) 
which  pii'Vides  ion  velocitv  dislrlbiilioiis  (I')]  The 
fourth  IS  an  lulvccl.ve  How  licld  model,  fhe  Tilth  is  the 
iliist  particle  transport  (1)  'i  |  moile’  which  is  ihc  iiuhIiiIc 
in  which  the  dust  panicle  irajcctoncs  arc  .idnally  com 
p  ncil.  (  To  .ivoid  confusion  cornputalional  panicles  in  a 
I'll  s  or  s.i  s  w  ill  he  called  |'s.;nilop.'nicics.  coniannr.aiing 
p.'rliciilales  in  lli','  plasma  will  be  Cidl,'  I  ihisi  p  nlicics  ) 


Figure  1.  Schr-r  m  ( :  the  Model  ic,  pane  i.  Ii.ippirpg  Rosulis 
Iroin  a  Mcrnte  Carlo  fluid  hybrid  medol  loi  Ht  'iischs-aes 
provide  lOO  sourr  es,  eleclrori  lemperaturu  an  '  “lecf  c 
potential.  A  eic  s  mulation  provides  ion  Just  i  io.'.oniiini 
transfer  cross  serrtirns  and  charge.-,  on  the  d^  sl,  A  p,asnia 
cnemisiry  Monte  Carlo  simulation  piovioes  loi.  Iluxes  A 
separate  model  ornvides  the  fluid  Tow  held  These  r  suits 
ate  comb.ned  m  the  dust  particle  t.ansporl  rt;,,d-s| 


The  modelling  process  begins  by  computing  the 
electrical  charges  on  the  dust  and  the  ion  dust  momen¬ 
tum  transfer  cross  sections  as  a  function  of  ion  energy 
and  plasma  parameters  (such  as  electron  density  and 
temperature).  These  cross  sections  are  obtained  from  the 
PICS  which  follows  electron  and  ion  trajectories  in  l.ie 
vicinity  of  a  dust  particle  while  solving  Poisson’s  equa¬ 
tion  fo.'  the  electric  field.  Before  executing  the  pics. 
Mon;e  Carlo  simulations  (Mess)  of  both  ihe  electron  and 
ion  swarms  are  performed  using  a  specified  and  spatially 
uniform  EIN  (electric  field/gas  number  density).  The 
purpose  of  performing  the  mcss  is  to  obtain  the  quasi- 
steady  stale  electron  energy  distribution  and  ion  energy 
distribution  for  use  as  initial  conditions  in  the  pics.  The 
details  of  the  Mt  ss  are  described  by  Weng  and  Kushner 
[20J.  All  pertinent  elastic  and  Inelastic  collisions  of 
electrons  with  the  neutral  gas  and  ions  arc  included  in 
the  Mess.  Aftur  the  electron  and  ion  energy  distributions 
are  obtained,  a  spherical  dust  particle  is  introduced  into 
the  centre  of  the  computational  volume  having  a  speci- 
lieii  charge  Q.  The  pit  s  is  then  pcrforii''’d  while  includ¬ 
ing  -..ll  the  collision  processes.  This  portion  of  the  model 
dift'ers  from  the  Mc.s  in  that  now  ihc  self-consistent 
electric  held  in  ihe  vicinily  of  the  du:  l  particle  is  ob¬ 
tained  by  solving  Poisson's  equation  while  the  equations 
of  motion  of  ihe  pscudoparticles  arc  advanced.  When 
sol-  mg  Poisson's  equation,  the  net  charge  density  in  the 
plasma  and  on  ilic  surface  of  Ihe  diisl  particle  arc 
accoanleJ  for.  I'bc  surface  charge  density  provides  a 
boundary  condition  in  ihc  form  of  the  elecPic  field  at 
Ihc  surface.  Pscudoparliclcs  sinking  the  dust  naiTiclc  are 
assumed  to  be  collccled  with  iinily  cnicicncy.  The  col- 
Icvicd  charge  density  was  averaged  over  the  surface  of 
Ihe  dust  panicle,  ITic  Pics  is  executed  lo  obtain  d(>,dr. 
fi.iscd  0.1  the  sign  of  d(7.di,  the  pk  s  is  repealed  with 
dilTicull  values  of  Q  to  search  for  the  value  of  Q  which 
yields  dv.Td(  -  (I  which  signals  an  equilihriiim  ol  elec- 
fon  and  ion  Iluxes  lo  ihc  dust  pariiele 

At  the  end  of  the  Pii  s,  cross  sections  for  cleclron  and 
ion  niomeniuiTi  iranslcr  lo  the  dust  particle,  and  for 
lolleclion  by  the  dusi  particle  are  calculated  using 
•nolecular  dynamics  (Ml>)  techniques.  Ciiven  Ihe  cleciric 
licld  around  the  dust  panicle  obtained  from  Ihe  PK  s, 
e!-ctron  and  ion  pseudopartidcs  are  launched  into  the 
i  ompuiational  volume  with  varying  .mpaei  parameters 
By  gulhc.ing  siabstics  on  the  change  in  motnrnluin  and 
numbe:  of  pscuuopcrliclcs  as  thev  leave  the  volume,  one 
can  calc  date  the  momentiim  transfer  and  capture  cross 
sections. 

\  iwo-dinvosional  Mini  model  of  Rl  discharges  is 
'.hen  used  lo  obtain  electric  fields  as  a  function  of 
position  and  source  functions  for  ions  and  radicals  (  WJ 
The  two-dmicn:  onal  |r, :)  model  is  a  hybrni  sintulafion 
consi'.iing  ol  ..,1  eleciron  Monte  Carlo  simululion 
C  M<  s),  a  fliiid-cbemlcal  kinetics  siniulalion  ( i  ks),  and  an 
olT-linc  plasma  cheimslry  Monte  Carlo  simulation  Ihe 
liiiulel  Is  csmvepui.illv  .i  2l)  an.ilogue  ol  Ific  ID  Mill! 
nioilet  for  Ki  tlischarges  desciibed  prevuuisly  [ .?  I  ]  Ihc 
hvbtid  imidel  begins  by  cslimating  cleciric  fields  in  ific 
plasma  .is  a  lundion  I'f  posiiion  .iiul  pltasi-  fir,  gs  1 
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These  fields  are  used  in  the  EiMcs  to  advance  electron 
trajectories  to  calculate  the  time  averaged  electron  en¬ 
ergy  distribution,  /(t,  r,  z).  This  is  obtained  by  averaging 
electron  trajectories  over  5;50rk  cycles  while  including 
all  pertinent  elastic,  inelastic,  and  Coulomb  collisions 
[21],  /(c,  r,  z)  is  then  i  'd  to  calculate  source  functions 
for  electron  impact  processes,  transport  coeflicients,  and 
average  electron  energies  as  a  function  of  (r,  c).  These 
quantities  are  then  passed  to  the  fks.  The  Ftes  integrates 
the  continuity  equations  for  the  densities  of  all  charged 
and  neutral  species  and  solves  Poisson’s  equation  for  the 
electrostatic  plasma  potential  using  the  method  of  suc¬ 
cessive-over-relaxation.  A  semi-impiicit  solution  of  Pois¬ 
son's  equation  allows  us  to  take  time  steps  tens  to 
hundreds  of  times  larger  than  the  dielectric  relaxation 
time  if  necessary.  An  acceleration  technique  is  used  to 
speed  the  convergence  of  the  fks  by  predicting  future 
species  densities  based  on  recent  lime  histories  of  those 
densities  [22], 

We  account  for  the  different  effective  areas  of  the 
electrodes  by  using  a  simple  circuit  having  a  blocking 
capacitor,  and  calculate  the  ix  bias  generated  on  the 
substrate.  The  surfaces  of  the  chamber  are  specified  as 
being  either  metal  or  diclecfric.  We  can  also  include  on 
the  substrate  topography  such  as  wafers,  discs  and 
grooves  of  specified  dieleciric  coiislaiil.  After  the  fks. 
/■.'fr, :,  </))  and  species  densities  are  cycled  back  to  the 
FMi  s  to  Iterate  through  the  model  unlil  ihe  plasma 
density  converges. 

In  the  Ml  FH  model,  electrons  are  iretited  kmetieally 
while  ions  arc  iicatcd  as  a  'luid,  V.  c  therefor,  -to  not 
generate  the  informaliori  on  the  ion  energy  disiribulions 
lhat  iS  required  to  compute  the  forces  on  the  dust 
particles.  To  obtain  these  dislribiitio,  ,iic  electric  held 
and  source  fniictions  from  the  Mini  model  are  imported 
into  the  I’l  Ml  s  In  the  l>i  Mi  s,  source  functions  and 
electric  fields  from  the  Mint  are  used  to  launch  and 
follow  trajectories  of  psendoparlicfcs  rcprcseni  ng  ions 
and  radicals  All  pertinent  elastic  .iiid  iiielasiic  collisions 
for  both  ions  and  radicals  ate  included  An  ilcraiivc 
particle  mesh  algorithm  ircoiporat.ng  a  niodihed  null 
cross  seclion  technique  is  used  to  acconni  lor  ion  ion 
(such  as  negative  loii  positive  ion  neinrali/alion)  and 
radical  radical  collisions  [2.f]  Slatistics  arc  collecicd  on 
the  velocily  and  spalially  resolved  ion  roomenliini  lliix 
dislnhution,  di|(f,  ,:,  i’,)[g  (cm\  'items  ')] 

Ihe  Hind  liow  held  in  the  icietor  is  obtained  by 
solving  the  perturbative  pressure  fnni  itf  ihe  eonliniiily 
and  i'lomeniiiivi  equaiicns. 

t'u  Vo 

.  -.  \  ■  UU  l>\  u  (  l.i) 

V  “  m  (I/i) 

I  t 

ill  cquai'oli  (1)  H  IS  Ihe  adseelise  llii.'d  icl.w;  ;> 

IS  ihc  perlurbativc  piessure  is  the  gas  densiiy,  i,,  is 
Ihe  sound  speed  and  /)  is  ihe  veloeiiv  diffusion  cosifi 
cierii.  This  Ifow  ficlil  is  ,ilso  used  in  ihc  is  Mt  s  ui  aeeuaiii 


for  momentum  transfei  between  the  pseudoparticles  and 
buffer  gases  during  elastic  collisions. 

The  motions  of  the  dust  particles  are  calculated  in 
the  DPT  model  where  wc  compute  the  spatially  depend¬ 
ent  (r  =  (r.  zj)  forces  on  the  dust  particles.  To  obtain 
these  forces  we  import  the  ion  momentum  transfer 
cross  sections  and  dust  charges  (from  the  ptes),  electric 
fields  (from  the  mc  fh  model),  ion  momentum  distribu¬ 
tions  (from  the  pcmc's  model)  and  the  fluid  flow  held. 
For  this  work  wc  have  simply  specified  a  temperature 
gradient.  The  force  on  a  dust  particle  i  having  a  specified 
radius  and  mass  M-  is 

F,{r)  =  -F  (/,£  +  |a(|P||)<(i,(r,  V|l|P||dp, 


6nur 

- (p 


u)-C„{Re^) 
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(2) 


The  terms  on  the  right-hand  side  of  equation  (2)  arc  for 
gravitational,  electrostatic  forces,  ion  drag,  viscous  fluid 
drag  and  therinophorelic  forces  respectively.  E  is  the 
electric  held  tobiaincd  from  the  Mt  i  ti  model),  q,  is  the 
charge  on  the  dust  particle  (obtained  from  the  Pit  s).  n  is 
Ihc  ion  momentum  transfer  cross  section  (obtained 
from  Ihc  Pit  s)  and  0  is  the  ion  momentum  flux  distribu¬ 
tion  (obtained  from  ihc  Mt  pt  model),  fhe  last  two 
terms,  viscous  fluid  drag  and  Ihermophoretic  forces,  arc 
derived  from  classical  thermodynamics  based  on  the 
hard  sphere  particle  assiimpiion  [17,24],  fhe  constants 
arc 

i'(Kn)  I  I  A'ii(x  F  /(I'cxp^  ■ 


11.(11721  •«('„ 

r  + 16:h)(r«iv 

I.Vi) 


2f  .[(^.  S,l  '  C.A'i) 

(I  I  .l(  „./smll  F  2-|k/k,,j  F  2C,Kii\ 


F’,  IS  ihc  vflocily  ol  :he  diisi  panicle,  Kn  is  ihe  Kmulsen 
numlH-r  (/  r,),  is  ihc  Reynolds  number,  fi  is  the  fluid 
viscosilv,  \  -  fi  fi  [ft  is  ihc  jjas  vk*nsii>).  atui  7  k  ihe 
mean  jias  lemivfalure  In  evjuulion  r^)  j,  fi  and  /  are 
ex(X‘fnnenial  ev'nslants  which  dc|XMul  on  Ihc  nalurc  of 
ihc  gas  purliclf  inteiael'on  ai  the  parliclc  surface  and 
so  arc  affected  hy  hoih  gas  cvfniposiiion  and  parliclc 
surlacc  roughiicss  and  arc  ihc  gas  aru!  parliclc 
thermal  conduclivilu's  rcs|X-Xiivcly.  and  (  ,,  .ind 
arc  the  Ihcrinal  creep  coeflicicni.  UMiifX'raUirc  )unip 
ci>cflicicnl,  and  \ch)Cilv  jump  ci'clVicicnl  rcs;vciivcly 
All  values  vd  ihe  conslaiUs  m  equ.Uion  (3)  aic  hsicd  in 
table  I 

1  K>  begin  ihe  iH'i  nuHlei,  wc  sfxxify  a  volume  trie  rale 
i>f  gcnci  -.tiion  yv|  dusl  particles  (ff  a  given  radius  We  ihen 
laiincri  pscudv-pariicles  represenimg  ihe  dusi  panicles 
from  lh«.*se  KKaii.  ns,  and  simplv  inlegratc  ihc  cijualiv>ns 
of  nu)tii>n  t)|  ilu»sv  j'-vt.'udt ipariiclcs  while  v vuilmuouslv 
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space  distributions  of  dust  particles 


Table  1.  Values  of  constants  used  in  force  calculations 


Constant 

Value 

Reference 

1.227 

(24) 

ti 

0,42 

[24] 

0.85 

(24) 

0.1799mWcm“'K'’ 

[28] 

Z 

1240mWcm  'K' ' 

[28] 

2.2 

[24] 

c. 

1.147 

[24] 

Or, 

1.146 

[24] 

launching  additional  pseudoparlicles  until  the  dust  dis¬ 
tribution  achieves  a  steady  state, 

3.  Distribution  of  dust  particles 

In  this  work  we  investigated  dust  particle  distributions 
in  a  capacitively  coupled  rf  (1,V56MHz)  discharge 
sustained  in  lOOmTorr  of  argon  with  a  nominal  power 
deposition  of  ~20  200  W  (see  figure  2).  The  electrodes 
are  separated  by  2  cm  and  the  plasma  zone  is  1 0  cm  in 
diameter.  The  gas  Hows  through  a  showerhead  nozzle 
and  out  radially  to  a  pump  port  (figure  2).  \  wafer 
(dielectric  constant  I  'ci,  =  1 18,  thickness  2niiiu  sits  on 
the  lower  powered  electrode.  I'he  top  electrode  is 
grounded  The  radial  boundary  condition  is  approxi¬ 
mated  as  ground  plaiic  (at  r  ---  lOcm)  which  allows  the 
advectivc  flow  to  pass,  l-'or  these  results  we  have  as¬ 
sumed  a  constant  thermal  gradient  of  I  ^  K  cm  '  as 


lONSoonct  >xj»si**POTrKri(w(vi 

|lX.4»|15)om  >•  M 


IB,  lUOUSltr, 

FIjur*  2.  Plasma  paramelers  liom  the  mcfh  model  lor  a 
capacitively  coupled  nr  disctiargo  (13. 56 MHz)  in  lOOmTori 
A-  (a)  ion  sourc'  and  plasma  potential,  (b)  Ai(4si  and  At ' 
densities.  The  contour  labels  lor  ion  source  and  densities  ore 
a  percentage  ol  the  maximum  value,  noted  at  the  top  ol  the 
figure.  A  3  mm  thick  water  (10  cm  diameter)  is  on  trio  lowei 
powered  electrode.  The  electrexJe  topography  produces  a 
local  maximum  in  the  plasma  potential  and  the  ion  source. 


SHOWERHEAD  NOZZLBELECTKX*  MAXSaM  SPEED  . 


Figure  3.  Flow  fields  for  the  condition  of  figure  2.  (a)  Ion  flux 
and  (b)  advective  fluid  velocity.  The  size  of  the  arrow 
denotes  the  magnitude  of  the  ion  (lux  or  fluid  velocity.  The 
maximum  value  is  shown  at  lop.  The  ion  flux  moves  away 
from  the  local  maxima  in  ion  source  and  plasma  potential  to 
the  boundaries.  The  fluid  velocity  is  most  negative  at  the 
showerhead  nozzle  and  is  almost  totally  radial  near  the  edge 
of  the  wafer. 


coiild  occur  when  actively  cooling  the  wafer  Wc  observe 
that  the  calculated  thermophoreiic  force  is  smaller  than 
the  eleciroslalic  or  ion  drag  forces,  and  therefore  is  not 
a  major  consideration  under  our  operating  condilioiis 
lypical  rcMilis  from  the  Mini  models  are  given  in 
figure  2  where  the  lime  averaged  plasma  potential,  ion 
source,  ion  density  and  argon  nielasiahlc  density  arc 
shown.  A  lOcin  diameter  wafer  is  placed  on  the  powered 
electrode.  The  powered  diameter  of  the  lower  surface  is 
>  l2em  and  is  separated  from  the  annular  ground  plune 
by  a  dicicc’ric  spacer  The  metal  surface  ol  the  powered 
eicctiode  generates  a  i)r  bias  of  8  V,  while  the  surface 
of  the  wafer  aquires  a  i«  bias  of  -  21  V.  Note  that  there 
arc  local  maxima  m  the  plasn  i  polenlial,  eleelron 
sources  and  ion  densilv  In  ihe  form  of  a  toroidal  ring 
I  1  2 cm  Irom  ihe  edge  of  the  wafer 

The  posiiivc  potential  well  has  a  depth  of  si  12V 
These  local  maxima,  perhaps  similar  to  ihosc  observed 
hs  (ieha  el  ul  jlK),  resiill  from  a  disconiiniiity  in  ihe 
eleetneal  topograjihy  produced  hy  Ihe  sharp  edge  ol  (he 
wafer,  and  by  Ihe  transition  between  the  dielectric  wafer 
and  the  metal  In  ihis  regatil,  the  discontmiiity  in 
electrode  uipography  resembles  Ihe  rnelal  gas  dielec 
trie  triple  I'oini  at  which  elcctnc  field  enhancemem 
occurs  in  high  i.-ilag.  -.svilchi  ^  '22].  The  ion  ilensuy 
shows  a  small  mavimui  '  in  i*  ,.  roidal  region  as  well 
as  at  the  centre  ot  Ihe  |  i.i  The  Ar(4s|  density  also 
shows  a  weak  oH  axis  pea).  2011;  that  .  Illioiigh  Ihe  ion 
source  has  a  local  imixiimim  near  the  edge  of  ihe  wafer. 
Us  absolute  m.iximiim  xalue  is  ncai  ihe  exposed 
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powered  electrode.  This  results  from  the  fact  that  the  full 
capacitive  voltage  drop  is  across  the  sheath  as  opposed 
to  sharing  the  voltage  between  the  wafer  and  the  sheath. 

The  ion  flux  (obtained  from  the  pcmcs)  and  fluid 
flow  fields  for  these  conditions  are  shown  in  figure  3. 
The  ion  flux  typically  flows  from  maxima  in  the  plasma 
potential  and  ion  sources  to  the  peripheries  of  the 
reactor  The  local  maxima  in  the  plasma  potential  and 
ion  source  at  the  edge  of  the  wafer  produces  a  vertex  in 
the  ion  flux  with  ions  flowing  from  that  location.  The 
fluid  flow  starts  from  the  showerhead  and  gains  speed  in 
the  radial  direction  as  the  eHoc  of  the  showerhead  is 
approached. 

Predictions  of  dust  particle  locations  for  dust  diam¬ 
eters  of  0.5  to  4;im  are  shown  in  figure  4  for  the 
geometry  just  discussed.  These  results  are  an  Instan¬ 
taneous  'snapshot'  of  the  dust  panicle  locations  0.15s 
after  beginning  to  generate  particles.  The  dust  particles 
are  generated  at  a  constant  rate  of  2.6  x  |0■‘^' '  in  the 
plasma  region  o''  the  reactor  weighted  by  a  cosine 
(maximum  in  -he  centre)  in  both  the  axitil  and  radial 
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Figure  4.  Dust  particle  lucat'Ons  with  a  10 cm  diametei 
water  on  the  powered  electrode  Locations  are  shown  (or  (a) 
0  5.  (6)  1  0.  (Cl  2  0  and  (if)  4  Oprn  particles.  Small  particles 
are  more  sensitive  to  the  elecir.c  potential  and  may  form 
domes  and  rings  around  local  maxima  in  the  potential 
caused  by  ion  drag  away  (roni  these  locations  L.aige 
particles  have  larger  lon  drag  torces,  which  pmsh  them 
towards  Itie  txrundanes  Inertial  nttects  cause  oscillr.tioii 
about  the  rx^uilibrium  locations 


directions.  The  power  is  SOW  and  the  gas  flow  is  turned 
olT.  The  smaller  sized  particles  are  trapped  near  the 
centre  plane  of  the  reactor  at  the  maximum  in  the 
plasma  potential.  The  dust  particles  are  also  trapped 
around,  but  not  in,  the  positive  potential  well,  lon  flux 
flowing  out  of  the  well  is  fairly  efficient  at  removing 
particles  from  that  region  and  holding  them  at  the 
periphery.  We  also  observe  that  the  plasma  optical 
emission  and  particle  locations  do  not  necessarily  co¬ 
incide.  Trapped  particles  follow  a  contour  on  which  ion 
drag  and  electrostatic  forces  balance.  This  contour 
moves  down  towards  the  edge  of  the  wafer  around  both 
sides  of  the  local  maximum  in  potential  on  both  sides. 
These  loci  of  points  forming  the  trapping  locations  give 
the  appearance  of  a  'dome'  above  the  wafer  and  'ring' 
around  the  wafer  as  observed  experimentally  by  others 
[2,  26,  27]  al  a  similar  power  deposition  value 
(240mW cm  ’). 

As  the  panicle  size  increases,  the  trapping  location 
moves  toward  the  electrodes  and  a  flatter  dome  and  a 
wider  ring  form  The  ion  drag  force  increases  at  a  faster 
rate  with  increasing  particle  size  than  does  the  electro¬ 
static  force,  and  so  the  large  panicles  are  pushed  by  the 
ions  towards  ihe  periphery.  The  ion  drag  forces  are 
sufliciently  large  for  particles  4/im  that  inertial 
effects  arc  important.  1  hat  is,  the  dust  particles  are 
accelerated  to  high  velocities  which  overshoot  the  equi¬ 
librium  location  at  which  ion  drag  and  electrostatic 
forces  are  balanced  I'he  panicles  therefore  oscillate 
about  those  localiims  as  their  velocities  arc  slowly 
damped  by  fluid  drag  force  The  oscillation  is  shown  by 
the  'blurnng'  of  ihc  p,iriiclc  locations  in  the  snapshot  of 
tigiirc  4(i/|.  Allhoiigh  we  colled  .ill  pailicles  sir. king  the 
electrodes,  m.iiu  of  the  l.ngcr  panicles  strike  the  elec- 
nodes  and  could  conceo ahly  bounce  oil  Ihc  surface 

i’article  localions  arc  shown  in  figure  5  (I  nm  diam¬ 
eter)  for  similar  conditions  ,is  m  figure  4  eveepi  for  a 
15cm  diameter  wafer  on  the  powered  electrode  and 
power  deposition  of  20  240  W  I  he  largest  dilference 
which  occurs  with  increasing  pow'er  deposition  is  an 
increase  in  the  ion  Dux  while  the  potential  profile  does 
not  change  appreciably  As  with  the  smaller  wafer,  there 
IS  a  local  maximum  in  llie  plasma  pot  iiiial  and  ion  tliix 
near  the  edge  ol  the  wafer  .is  shown  in  ligiiie  6  Hut  now 
with  the  larger  w.der.  theie  is  alsii  a  iiiaxiniiiin  in  I'le 
plasma  potential  .it  tlie  cenlie  ol  Ihc  wafer  At  low- 
psiwer  tleposiluni,  the  eleriiostatic  lorces  lioinin.ite.  ami 
Ihe  parlieles  accumiilaie  al  the  iidge  tlic  ni.ixiniiim  in 
Ihe  plasina  polenli.d  As  itu  power  imieases  ,iiul  ion 
drag  forces  increase,  the  p.irlieles  are  pushed  aw.iy  liom 
the  niaximum  to  the  phisiii.t  (lotenli.d.  ,ind  loini  iiiig- 
and  dome  ilk'  siriietiires  I  hese  locations  .ire  on  oppo 
site  sides  ol  Ihe  m.ixmuim  in  'he  plasm. i  polenli.d  wheie 
the  ion  drag  c.nised  t's  ions  flowing  .iw.iv  Irom  the 
ni.txiimiin  is  h.il.ineed  t'S  cleclrost.itie  lorces  As  the 
power  cvnitimies  tc.  inde.ise,  the  ton  dr.ig  loices  dt'in 
nate  .old  (lusfi  ifie  p.iilides  to  tlie  stie.ittis  ,ii  itie  c'dgc'  c  I 
tfic  waler  At  higti  powers,  the  lon  dr.ig  loues  .ucelei.ite 
the  dust  pal  lietc-s  lo  suflic  lenlly  high  celoc  i lies  lh.it  itu  c 
osershoot  tile  ecpiddriiiim  loc.ilion  I  cideme  ol  oscitl.i 
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Figure  5.  Dust  particle  ('  /im)  locations  with  a  15  cm 
diameitr  wafer  on  the  powered  electrooe  Locations  are 
shown  for  power  depositions  of  (a)  20,  (b)  60,  (c)  00  and  (d) 
240  W.  Increasing  power  increases  the  ion  drag  force, 
pushing  particles  towards  the  electrodes.  The  dome  and  ring 
sti  ctures  result  from  local  maxima  in  the  plasma  potential. 
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Figure  6.  Fdasma  potential  for  the  conditions  cl  figure  5 
(20W).  The  dots  denote  regions  ol  negative  pislontial 
Maxima  m  plasma  potential  occur  near  the  edge  ol  the  wafer 
and  in  Ihe  centre  ol  the  reactor 

linn  in  ihc  Incalion  nl  itic  p.iriicles  tan  be  mvii  bv  llit 
‘blurrciT  line  of  parlitltt  I htse  pttditlinns  ajrrtt  wiih 
I  he  t  ^^lcrlmcnl.ll  noser  vain  ,is  nf  Sclw>  n  i  r  id  (Th)  »  h.' 
nnicvl  lhal  parlitic  Iraps  tan  be  finplieil  h^  iiKrtasinp. 


power  deposition,  an  effect  we  attribute  to  a,-  t-  -cased 
component  of  ion  drag. 

The  effects  of  gas  flow  on  trn.npi  ^  are  si. own  In 
figure  7  for  1/iir  ^articles  and  a  po.ver  -Jeposilior.  of 
SOW.  Note  that  tia.er  is  used  in  this  seq-i.  ;cc  where 
we  varied  the  gas  flow  frr  i  7:r,  tn  StKs  t  n.  Without 
gas  flow,  the  particles  aie  ap|3cd  .a  — .  s' eath  edees 
where  electrostatic  and  icn  drag  for  ,  ,  aui  ice.  As  the 
gas  flow  increases  the  paiticic  trim  .,;ir  the  lop 
grounded  electrode  is  eliminated  bj  d'e  fluid  forces.  At 
this  location  the  fluid  drag  force  is  neg  itive  (towards  the 
lower  electrode)  and  opposes  the  icn  drag  which  forces 
the  particles  towards  the  upper  electrode  (see  figure  3). 
With  increasing  gas  flow  particles  arc  swept  i.i  the  radial 
direction  where  they  arc  lost  out  of  the  gas  outlet  and 
accumulate  to  some  degree  at  the  radial  sheath.  This 
accumulation  may  be  exaggerated  by  our  cic-ctrical 
radial  boundary  condition.  At  very  high  gas  flow,  the 
inertia  imparted  to  the  panicles  by  the  high  axial  gas 
flow  near  the  showerhead  causes  particles  to  oscillate 
about  eguilibrium  trapping  points. 

The  disposition  of  1  /im  particles  is  shown  in  figure 
S  where  the  normalized  rales  of  loss  of  particles  to  traps. 


Figure  7.  Oust  p.irtcio  lui.ations  wilP  a  p.iro  powoiod 
L'lt‘c:trode  UKaliona  ..re  Sl'own  lot  (.i)  0,  (Pj  100,  ;t  )  200  anil 
{iti  b00se.i.m  ut  gas  'low  The  gas  How  oetiaps  partiules  at 
Ihe  uigM'r  iH'.unUary  wheie  Ihe  Hunt  velocity  is  negative  anil 
opfxjses  Ihe  ion  iti.ig  loices  Pai Miles  aie  lost  'la  the  ladial 
pump  port  a!  bign  gas  How 
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Figure  8.  Disposition  of  particles  as  a  function  of  (a)  power 
deposition  (1  ^im  diameter)  and  (6)  gas  flow  (1  and  2/im 
diameter).  Rates  of  trapping  and  loss  to  the  wafer,  txJttom 
electrode  (but  not  the  wafer),  top  electrode  anu  to  the  side 
wall  or  gas  outlet  are  shown. 

the  top  electrode,  the  bottom  electrode  (but  not  the 
wafer),  the  wafer  and  to  the  side  wall  (or  out  the  pump 
port)  are  shown.  Results  arc  presented  as  a  function  of 
power  deposition  (without  gas  Dow)  and  gas  How  (at 
80  W).  In  the  low-power  regime  and  without  gas  How. 
most  particles  are  trapped  in  the  plasma.  As  the  power 
increases  the  trapping  rate  decreases  and  the  parti,.lc 
loss  to  the  reactor  boundaries  increases.  This  rcsi',  s 
from  ion  drag  forcing  particles  over  the  potential  hill  at 
the  boundaries.  At  .100  W  (without  gas  How),  only  10% 
of  the  particles  are  trapped.  Note  that  the  rate  of  loss  of 
particles  to  the  wafer  is  smaller  than  to  the  top  electrode 
because  of  its  more  negative  sheath  (and  smaller  size). 
The  particle  dispositions  as  a  function  of  gas  How  show 
that  at  sufficiently  high  gas  Hows,  the  particles  can  be 
blown  out  of  the  pump  port,  l.argcr  particles  are  more 
easily  blown  out  of  the  reactor  because  botli  the  Huid 
drag  and  ion  drag  forces  increase  with  radius  of  the  dust 
particle  These  results  are  sensitive  to  the  starting  loca¬ 
tions  of  the  dust  particles. 

The  interplay  between  electrostatic,  ion  drag  and 
fluid  forces  ultimately  determines  the  disposition  of  the 
particles.  This  interplay  is  illustrated  in  figure  9  where 
particle  locations  are  sliown  when  a  metal  washer  is 
placed  on  the  lower  clectiodc  The  gas  flow  is  2(K)sccm 
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Figurs  9.  Particle  traps  are  shown  when  a  metal  washer  is 
placed  on  the  powered  electrode  lor  a  gas  flow  of  200  seem 
with  (a)  20  W  and  (b)  80  W  of  power  deposition.  With  'he 
higher  power  particles  are  trapped  on  the  inside  of  the  wafer 
whe;e  an  axial  potential  well  exists. 


and  results  are  shown  for  20  and  80  W  power  deposition. 
The  sheath  follows  the  contours  of  the  washer,  thereby 
creating  a  potential  well  with  respect  to  axial  location  in 
the  centre  of  the  washer.  At  the  lower  powers.  1  ;im 
particles  are  trapfxrd  in  a  flat  dome  above  the  wafer  and 
arc  blown  towards  the  radial  boundary  When  the 
power  is  increased  to  8i.  W.  the  particles  arc  pushed  by 
ion  drag  to  the  electrodes.  Some  particles,  which  arc 
generated  in  the  centre  of  the  reactor,  are  trapped  inside 
the  washer.  The  particles  inside  the  washer  do  not  have 
enough  energy  to  climb  the  electrostatic  potential  bar¬ 
rier  over  the  washer  and  exit  through  the  gas  outlet.  The 
gas  flow  inside  the  washer  has  no  appreciable  radial 
component  to  push  the  particles  out  of  the  centre  of  the 
ring. 


4.  Concluding  remerks 

A  scric  .  of  'iiiked  computer  models  has  been  dt  .eloped 
and  used  to  investigate  the  trapping  of  dust  particles  in 
capacitivciy  coupled  rk  discharges  with  various  elec¬ 
trode  topographies.  Lower  rales  of  wafer  coi  lamination 
are  obtained  at  low-power  deposition  where  particles 
arc  allowed  to  be  trapped  in  the  gas  phase,  and  h'gh  gas 
How  where  the  particles  are  blown  towards  the  pump 
ports.  Al  higher  power  deposition,  ion  drag  forces  domi¬ 
nate  and  par'iclcs  arc  pushed  through  the  sheaths  to  the 
boundaries.  Various  shapes  of  particle  trapping  loca¬ 
tions  arc  formed  under  dilTerent  operating  conditions.  At 
low  powers,  we  observed  both  'dome'  and  ring’  types  of 
particle  traps  as  seen  experimentally  [.1,  26,  27]  which 
result  from  a  balance  of  ion  drag  and  clcctroslalic  forces 
generated  by  pcrlurbatioiis  in  these  quantities  caused  by 
loca'  extrema  in  the  ion  gencratitm  and  potential,  ulti¬ 
mately  caused  by  electrode  topography.  Al  high  power 
or  high  gas  How.  the  dust  particles  can  gam  suflicient 
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inertia  that  they  will  oscillate  about  the  equilibriur.i 
trapping  locations,  or  climb  potential  hills  of  tens  of 
volts  to  reach  the  substrate. 
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1.  Introduction 

A  programme  t>  underv^as  a!  S.iiulia  \ali<-»i.()  |  ih.  ».i 
tones  to  appl\  analsiK  aiui  k.o:npiiiath*nal  let  hniguc'  ?■' 
prctlitl  (orntalioii  aiitl  IraDspoft  <>(  ..oniammar'l* 
scmieomlialof  mafttilattiifing  provesses  ami  iherel'\  re 
diicc  dcicet  piodueiion  ()ne  ol  ihe  mam  gotK  oj  ‘his 
SI- M  A  1 1  (  M  sponM'reJ  elTon  is  lo  vuppl\  eqmpment 
designers  with  models  to  allow  them  to  identiK  pioiess 
conditions  and  to  develop  tool  ilesigits  that  redtite 
defect  formation  by  preventing  eontamhiaril  gener.iimn 
or  by  Isolating  the  wafer  from  eoraammalion  ( lener.il 
purpose  models  are  needed  that  atcepi  geometiv  Mova 
rates,  chemistry,  ki  power  anil  env ironmenial  ct»ndthons 
as  inpu  .  and  provide  local  cofMammani  i.or--ientr.ilioti. 
formation  rates,  deposition  rates  and  si/e  distribution  as 
output  Ihe  slralegv  is  to  appiv  existing  codes  tlfom 
commercial.  univeisUv  or  naiuutal  tahoralorv  sourcesK 
lo  niiKlifv  existing  codcv  o  to  develop  new  ^.omputa 
lional  techniques,  as  needed  M«>dcllmg  ol  both  generic 
anii  commercial  process  reavtius  is  lurrenllv  ander  wax 
Here,  results  for  particle  ;ransp«*rt  in  a  simple  gen 
cfK  reactor  geometiv  will  be  presented  as  a  dernonsir.i 

n;>s;'  'M  (I'V'.a.'f  .  :  *♦'  »' a-vs'-'v-j  i  m 


ii  I:  oiMct't  I  .»[\:hil!iu' V  1  he  geoincOv  c"iisi‘.|-  >*1 

umh-frn  lh‘w  ihf.Mjgh  a  ^  hovcci  bead  si{-.,»rated  h'  a 
tn.iie  captf-’m  ,i  parallel  Mih\n.ite  as  shown  m  tigure  1  In 
unpublished  w>>r  k  vee  ha v .  !■  umvl  that  calc  ulatious  of  tluiii. 
ttiennai  .nul  fuf  m.  le  t f a  aspi *f  t  m  this  simple  geomet r  v  aie 
repfesentative  ol  the  resulis  to  be  exjVcted  lri*m  ‘...ikula 
lions  in  m.'re  complicaleil  p.ir.diel  plate,  single-waler. 
.ommercial  pioce‘>'s  barnbei  s  I ‘article  concentrations  are 
issiimol  to  N-  low  enough  to  allow  a  dilute  approximation, 
loi  which  iheeoupling  between  lluid  and  particle  phases  is 
one  veav  Inthiscase  the  fluid  thermal  transport  equations 
can  be'  solved  neglecting  the  partiefe  phase,  the  resulting 
vclocitx  and  lemperauiie  fields  are  then  used  as  input  for 
the  particle  transport  calculations  I  ho  results  presented 
here  assume  steads.  laminar,  incompressible,  isothermal 
How  iconsianl  HukI  properties)  in  the  absence  ol  a  plasma 
althoi'gh  subsonic  compressible  flovxs,  transient  Hows  and 
non  isothermal  Hows  can  alsi  be  readily  handled 

Plasma  effects  on  lluui,  thermal  and  particle  irar^s- 
port  are  not  considered  here  Despite  this  considerable 
siniplilication.  the  present  results  are  still  pertinent  to 
delect  reduction  in  plasma  systems,  as  a  signihcanl 
fraction  ol  a  wafer's  lime  in  a  plasma  reactor  is  spent 
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FIfim  1  ScNpmahc  I'Aagr*''’  ■-•'  <io«> 

Iwo  p»'a**‘ 

»i!h  lh<-  plj'.nj  lurnctl  ■ ‘fl  pur^in|t  Mjfcr 

hjnjltnji  jnJ  vhjmScf  picojr jin-n .  *hik  the 

(t'fmjIiMTi  >'l  p^a^m.1  imliuc*)  pjrtulf  :fjf>\  riu  ivtWjic 
iKf  »jk*f  •>"n»  v»'ntjmirMti.*n  while  ihe  pljvni.i  k  .*n 
when  the  pJjemj  iv  'uineii  ■►F  the  p.iftivlev  .ire  feleaee-il 
lfi‘m  ihe  tfjpe  jfu)  .ire  free  Ii'  N'  ilep»'Mleil  -'n  the  wjler 
I  hts  p*>\i  plwemw  ttjnejMirt  'i  itinettieil  hv  the  n«*n 
pljvmj  li'ttrs  ijceerihri)  here  if  p.iMiele  ih.itjte  Ihm  timc'. 
jre  ihi'tt  teljltie  t.-  pwrtiele  tf.inNp.'rt  tinie>  twhith  is 
j\»un>ol  herei  ii  the  tt.ip'  .ite  t.'hiiet  etii>U)th  the 
m^ionli  I'i  pjftteie  ilcpii'ilii'n  nn  ,i  wjfer  pfi'hwhU 
iKeutv  when  Ihe  pIjMiic  ii  "ff  (  in.ilh  the  rutlielc 
Iranspiirl  f.'ini'jlalinns  pre'cnleil  heie  ptinule  J  (tcncial 
(lamrwiirli  wnhin  whieh  nnHicIs  l.'f  pl.i\m.i  imiuecil 
fortl^  iMKh  .IS  elcsltiisl.ilii  .mil  nnt  ilr.itll  i.in  he  m 
sluiltxi  as  ihei  hevnine  as.iil  ihle(<  hoi  it  .1/  All  nl 

the  forces  ilescrtheil  here  continue  to  act  on  .1  p,ifticlc 
when  j  pldsrii.1  's  present.  .illhou|ih  the  m.itinittiiie  of  the 
forces  inai  chan|ic  .is  .1  result  ol  phisnia  elTecls  on 
process  comlitioiis  isuch  as  tcmperaliirei  aiiil  fluid  prop 
crtics  (such  as  species  dtstiihulion  and  i.scosuyl 

Ihe  solution  of  Ihe  parallel  plate  flow  held  is  dis 
cussed  nevl  lollowed  h)  a  dc’scriplion  of  the  basic 
modelling  let  rtnmuen.  for  particle  transport  Both  l  ag 
rangian  (in  which  individual  particle  trajectories  are 
calculated)  and  I  ulerian  (in  which  particles  are 
modelled  as  a  continuum)  approaches  are  considered 
Results  for  the  simple  parallel-plate  geometry  follow, 
together  with  additional  discussion  and  conclusions. 


2.  Fluid  transport  theory 

Calculations  of  fluid  velocity  and  temperature  arc 
made  using  the  most  recent  version  of  the  commercial 
fluid  dynamics  analysis  code  hijah  (Version  7,  Fluid 
Dynamics  Inlernalional,  Evanslon,  Illinois,  USA).  This 
general  purpose  finilc-element  code  allows  steady-stale 
or  transient  simulations  of  fluid  and  ihermal  transport 
in  two  or  three  dimensions  and  axisymmelric  geomet¬ 
ries.  Although  FIDAP  is  capable  of  analysing  a  wide  range 
of  problems,  the  code  is  used  here  to  model  laminar, 
isothermal,  incompressible  flow  and  subsequently,  ad- 
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veclton  and  diffusion  of  a  dispersed  particle  phase  in  Ihe 
flow  tinder  these  simplirications.  the  equations  used  to 
calculate  the  velocity  held  are  mass  conservation: 

VC  =  0  (I) 

and  momentum  conservation: 

/>  ('  *  *  r-V/’)  -  VP  r  jiV'C  (2) 

V  here  I  liic  fluid  \cUkiI>  vecl(‘r.  P  in  Jhc  prcwurc. 
.itid  ;•  jnd  ft  .irc  the  conviani  \alucs  nf  the  fluid  dcnsii) 
and  vis4i(>Mi>.  rcNpcviivc‘l> 


3.  PiMrtfcl*  transport  thaory 

fhiN  sntion  pf'fNidi^^  J  hnd  a-\n-w  t*f  the  thcufciical 
miHM\  .iva'lablc  i«»  dcMifihc  partidc  iranNp<»rt  tn  tvpica) 
vcmKOfidui ii'f  pf»>ix*s\my  enNimnmcnls  In  the  iitihl  of 
the  hfovilN  t'f  ihc  ttiMUSNion  referentev  have  been  pr»» 
NKbil  whcfi'vef  pi'wihle  for  JiKiitional  back j|f I'unif 
Ht>lh  the  I  aitran^i.in  .ippri>a4.h  iin  which  indiv 
particle  tiaiecloriev  are  cakulatedi  and  the  I  oknan 
approach  im  whuh  p.irtule'^  are  m«Hlelled  av  a  coninuj 
urni  are  c*‘nv»deri‘t)  In  all  dive that  follows  par 
tide  c**ncentr4l»oi»s  are  assumed  it*  be'  low  enmijith  ihal 
particle  particle  interaclii>ns  an»l  particle  iffecl>  «’n  the 
flow  held  can  b<‘  nc^Ilecll^l 

.t.l.  Ihr  i.£sraiiataii  formulaiioii 

In  the  I  ayran^tan  approach  (»'  particle  tranvp»»ft,  tndi 
vidual  particle  traiecti>nes  ipH'Mtior>  atu)  vehvciiv  as  a 
liinction  t'f  time)  are  ileiermined  bv  inie^raimir  the 
folio  A ih):  svsictn  ol  orAfinar  v  differentia)  vectivr  ecf  nations 


"'-'  dt'’ 

where  is  the  piirlicle  position  viilor.  is  the  ptirliik 
velocity  vector,  's  the  particle  mass,  .ind  F',,  A',.,  A', 
and  A',  arc  Ihe  fluid-drag,  grusilalional.  ihermophorelic 
and  any  additional  forces  lincliiding  plasma  induced 
clccirostalic  and  ton  drag  fortes)  acting  on  the  parlic)e 
I  qualion  (.1)  relates  Ihe  change  in  a  panicle's  position 
to  ns  velocity,  while  equation  (4)  equait*s  particle  acccl- 
cralion  to  the  forces  ucimg  on  it  In  this  work  Ihc 
chaotic  effect  of  particle  Brownian  motion  (particle 
dilfusioni  on  particle  iraicetories  is  neglected 

.f.I.I.  Non-eonliniium  considerations.  In  Ihe  following 
discussion,  ficqueni  meniion  will  be  made  of  the  con¬ 
tinuum  or  free  molecular  regimes.  1  hese  terms  arc  used 
here  to  distinguish  between  the  two  liriiling  cases  chai^- 
acleri7ing  Ihc  naUire  of  Ihe  particle  gas  inleraclion.  In 
Ihe  continuum  limit  (large  particles  or  high  g.iS  pres¬ 
sures),  the  gas  surr  iiinding  Ihe  particle  appears  as  a 
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continuous  fluid  and  the  Navier- Stokes  equations  ap¬ 
ply.  In  the  free  molecular  limit  (small  particles  or  low 
gas  pressures),  however,  the  discrete  nature  of  the  gas 
becomes  important  and  individual  molecule/particle  col¬ 
lisions  must  be  considered  Discrimination  between 
these  two  regimes  is  made  by  comparing  the  particle 
diameter  with  the  gas  mean  free  path  (the  average 
distance  a  molecule  travels  between  collisions  with  other 
gas  molecules);  the  Knudsen  number  Is  commonly  used 
for  these  comparisons:* 

Kn  =  --  (5) 

where  /  IS  the  gas  mean  free  path  (cm)  =  /(0p( ).  is 
the  particle  diameter  (cm),  t  is  the  mean  vck>city  of  ihc 
gas  molecules  (cm  s  ^)  ~  (S/? T'nM)'  R  is  the  univer¬ 
sal  gas  constant  (X.^144K>'  10  gcm‘  .  ’K  ‘mol  '). 
\1  IS  the  gas  molecular  weight  (g  mol  ')  and  /  is  the 
absolute  temperature  (K) 

Also.  IS  a  dimensionless  parameter  that  depends  t>n 
the  kinciit-iheorv  model  uscii  to  delinc  the  gas  mean 
free  path  in  this  work  the  value  0  0  4*^1  has  been 

adiiptcd  (Allen  and  Kaahc  IMS^I  A  large  Js.nudscn 
number  (sa\  •  HO  corresp«)nds  tt»  the  frec-rntdceular 
regime,  while  a  small  Knudsen  number  (sav  *  0  1| 
orrcsponds  to  the  continuum  regime  At  atmospheric 
pressures,  the  mean  Irec  path  for  most  cases  is  tvpicalK 
td  order  0  1  (ia-  mean  free  path  1  mvcrsclv  propi»r 
tional  to  pressure  at  ck'nstant  ’ernperaturc.  k»f  example, 
the  mean  free  path  m  air  is  0  6^4  run  at  \ t»rr.  b  ^4  ^<m 
at  7  b  I  orr,  and  b?  4  nm  at  7p  m  i  i>rf  ai  2^b  K  I  hus.  for 
low  pressure  appluatu'ns  ihc  Knudsen  nuiuber  for  sub 
micrometre  si/c  particles  can  lx  large 


In  equation  (7),  a,  p  and  y  arc  parameters  that  depend 
on  the  nature  of  the  gas- particle  interaction  at  the 
particle  surface,  and  so  are  affected  by  both  gas  compo¬ 
sition  and  particle  surface  roughness  (see  Rader  (1990) 
for  a  recent  review).  In  general,  only  small  errors  result 
if  the  slip  factor  is  calculated  using  the  fitted  constants 
for  oil  droplets  in  air  (a  =  1.207,  p  ~  0.440  and  y  =  0.78) 
for  different  gases  or  for  particles  of  different  surface 
roughness.  Note  that  C(/Cn)  approaches  unity  in  the 
continuum  limit,  and  approaches  (a  +  P)Kn  in  the  free- 
molecule  limit. 

The  requirement  of  low  particle  Reynolds  number  is 
met  practically  for  Re^  =  ^  '"^^cre  p 

is  the  gas  density.  At  higher  values  of  particle  Reynolds 
number  (called  the  non-Stokesian  regime),  the  linear 
relationship  between  drag  and  velocity  represented  in 
equation  (6)  breaks  down  and  calculation  of  fluid  drag 
must  be  done  using  empirically  based  correlations  (Tur- 
ton  and  I.evenspicl  1986)  Note  that  low  particle 
Reynolds  numbers  arc  expected  for  most  semiconductor 
priK'css  applications,  so  the  Stokes  drag  law  itself  (equa¬ 
tion  (b))  can  gencralK  be  used  with  negligible  error 

Strictly  speaking,  equation  (b)  applies  to  Ihc  uniform 
(ni>n  aeeeleraling).  straight-linc  nioiu>n  of  a  sphere  in  a 
Ci>nstant  vclocH>  Hind  In  the  present  application,  how¬ 
ever.  the  drag  on  an  accelerating  particle  in  a  nt>n- 
uniform  (low  licid  is  ncedcti  I  iichs  1 19b4.  th  M  and  C’lifl 
»•/  <1/  (19?K.  chill  review  the  issues  related  to  ntm- 
unifi»rm  fectilmcar  motion  of  aert>sol  particles  Although 
It  will  iniriHlucc  s<>me  inacciiracv.  the  insianlanct>us 
drag  acting  i>n  an  acccleraiing  particle  is  approximated 
here  with  the  abi>ve  eonslani  vehxilv  drag  expressums. 
with  the  Huid  and  particle  vehxities  taken  as  their  local, 
instantaneous  selocitic\ 


W.l.  rbe  fluid-piriklf  dreg  force.  A  particle  iimving  at 
a  different  vehxilv  than  ihc  surrounding  gas  will  cxpcri 
cncc  a  gas  resistance  or  fluid  drag  for^t  A  great  deal  ol 
research  has  been  devoted  \o  describing  this  Hind  drag, 
or.lv  a  brief  review  of  this  bixlv  of  literature  is  leporlcd 
here  l  or  a  rigid  sphere  of  dia-.  cter  J,,  mt>ving  at 
constant  velocity,  (relative  (o  the  hxal  fluid  vcitxiiv 
('),  and  low  particle  Reynolds  number  ihrough  a  fluid 
of  visccisiiy  n.  the  drag  force  is  yi.vn  by  the  slip 
corrccied  form  of  Stoke/  law  (Minds  1982.  p4^) 


Cl 
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where  Ihc  slip  corretlum  (aclor  first  pruptiscd  hv  (  on 
ningham  (1910)  is  given  b) 


(  (KnI 


+  An 

a  +  Pexp ( 

'  Kri  ' 
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•the  fli'Vk  SeW  enirainmi  ihc  p^Miclc  c.in  also  be  crihci  mtdctuljr  cf 
konimuum  in  nature  In  Ihts  ease.  (tiHOfUinaiK’n  bi-iwrtrn  the  o**-  ll*'» 
regimes  is  made  b>  tomfMfing  s**inc  vhafaciensiis  length  asstsiaioJ 
»ith  ihe  reactor  gc(>meir>  vbiih  loe  ga%  n>ean  free  palh  .t  Knudsen 
number  lot  the  htiss  held  coutd  he  dehiK-d  h\  rcpla«.ing  the  (urlKlc 
diameter  in  cuu^Oon  i  Vl  with  a  characlerislK  rcaci«>i  Irngih  s^ak  t  «>r 
small  panicles  it  is  freijucnils  the  case  Ihai  ihc  regime  van  lx* 
considered  c^miinuum  *hik  the  fluid  paiiulc  inieraclu'n  is 
characicn/ed  as  fice  m<»kv,ular 


Irrminal  velocity.  Dimensional  .inalysis  of  eqtia 
inm  (4)  using  the  drag  law  given  by  equation  (b)  reveals 
a  characteristic  particle  response  time,  r  t\,d'^(  I  Aril 
IK^i.  which  IS  .1  measure  of  ll’.e  particle's  ability  to 
respond  to  changes  in  ihe  flow  held  lor  tvpical 
scmic«>nduclor  applications  m  whicii  small  particles  are 
of  interest,  the  response  lime  r  bsxtimes  small  and  the 
aecclcralion  term  on  the  left  hand  side  of  equation  (4) 
can  be  ncgleclcxl  I  his  approximation  corresponds  ti> 
the  phvsica!  situation  n  which  ihe  particle  instan 
tancously  achieves  its  .errninal  velixiiv  and  external 
forces  acting  to  move  the  particle  balance  Ihe  drag  force 
retarding  the  riiolum  I  oi  Stokes  drag  the  not  terminal 
vcItK'itv  r'f  a  particle  relative  to  the  Uxal  fluid  vehxtiv  is 


K 


(  (K«| 
Upd^ 


It  IS  the  linear  nature  iif  the  problem  resulting  from  the 
Stokes  drag  assumption  that  allows  the  hnal  eqn  iny  m 
equation  (K).  namely  lhal  the  net  lernona’  vcKkiIv 
equals  the  sum  of  the  terminal  veh»ci{ics  .ising  from 
each  force  acting  independently  against  I’n  lesistancc  of 
the  fluid  Ihc  absolute  vekxiiy  I'f  the  .oiiclc  wt.uld  be 
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the  vector  sum  of  the  local  fluid  velocity  and  the  net 
terminal  velocity. 


3.1.4.  Gravitational  force.  The  gravitational  force  acting 
on  a  particle  is  given  by  (Hinds  1982) 


^0  =  "tpjf  =  %iPp  -  P)t!  (9) 

where  m^,  Up  and  are  the  particle  mi.ss.  volume  and 
density,  respectively,  and  g  is  the  gravitational  acceler¬ 
ation  vector.  Considering  only  the  gravitational  and 
fluid  drag  forces  and  neglecti.ig  buoyancy,  the  terminal 
velocity  for  a  particle  settling  under  gravity  is 


P^djgCjKn) 

18/j 


(10) 


3.1.5.  Thermopftoretic  force.  Because  of  ihc  ihcr- 
mophorctic  force,  particles  suspended  in  u  gas  with  a 
temperature  gradient  will  migrate  in  the  direction  oppo¬ 
site  to  the  gradient,  namely  away  from  hot  regions  and 
towards  cold  regions.  This  phenomenon  results  in  pref¬ 
erential  deposition  of  particles  on  a  cold  wall,  and 
explains  the  appearance  of  a  pariiclc-frcc  /one  near  a 
hot  wall  The  currently  accepted  formulation  for  the 
thcrmophorelic  force  on  a  spherical  particle  (spanning 
the  frcc-moiccular  to  the  continuum  regime)  was  devel¬ 
oped  by  Talbot  ei  ul  ( I^KO): 

V/ 

f,  ^  (It) 


where 


(1 


I  +  -(A  *  -(  .K«I 


and  where  V  /  is  the  temperature  gradient  m  the  gas.  / 
IS  the  mean  gas  lemperaliire  ab»»ui  the  particle,  v  /». 

and  are  the  gas  and  particle  thermal  conductiviiics. 
and  (  f  ,  and  (  are  the  thermal  vtreep.  tcnipcraiurc 
lump  and  vcIvHtity  )ump  ciK’fticicnts.  respectivelv  f  or 
'o  atomic  gases,  lalbot  ft  nl  recommend  the  use*  of  the 
i.oislational'  thermal  cimducliMt).  which  is  given  by 
simple  kinetic  theory  as  k^  (1^  4|/i/?  M  liilbs»i  er  at 
( |9H()|  compared  their  ccrrclatrm  with  other  expernnen 
ters'  data  over  a  wide  range  of  Knudsen  numbers,  and 
found  that  it  agrees  with  available  experimental  data 
within  2t)*o  or  less  I  he  currcnilv  acccptcvl  values  of  the 
ci>cf!icienls  are  (  ,  1  14^.  (  .  ’  ?()  ami  (  I  146 

(Batchelor  and  Shen  19K^) 

I  he  thcrmophorelic  terminal  velociiv  resulting  from 
the  halaricc  of  thcrmophorelic  and  drag  forces  alone  can 
he  found  by  equating  equations  tM  and  (II) 
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Kj(  {Kn) 


A/ 


X  ,  f  ( X  fi  I 


fiR  V  / 
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(M) 


Interestingly.  Ihc  terminal  vcliKiiy  given  hv  rquaiiondM 
depends  i>n  particle  diameter  only  implicitly  through  the 
slip  corrcciiop  factor  and  X  ,.  spccificallv.  in  hojii  large 
and  small  particle  limits  the  ihermophoretic  vcItKiiy 
becomes  independent  i>f  particle  m/c 
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3.1.6.  PUsma-iitduced  forces.  In  addition  to  the  forces 
described  above,  Sommerer  er  a/  (1991)  and  Barnes  et  at 
(1992)  have  p*'oposcd  that  tho  transport  of  small  par¬ 
ticles  in  a  plasma  reactor  is  domin&tcd  by  two  forces: 
electrostatic  and  ion  drag.  The  electrostatic  force  accel¬ 
erates  negatively  charged  particles  towards  the  centre  of 
c>.^tropositive  plasmas  or  'owards  local  maxima  in  the 
plasma  pclcn)’  .1.  The  ion  drag  force  accelerates  particles 
in  the  direction  of  net  ton  Hux,  which  is  generally 
towards  tlie  boundaries  of  the  plasma  (the  ion  drag  force 
results  from  open  orbits  of  positive  ions  around  the  dust 
particle,  which  transfer  momentum  to  the  particle  in  the 
direction  of  the  net  ion  flux  (Choi  and  Kushner  1993)). 
In  the  Lagrang'an  framework,  titesc  plasma-induced 
forc'cs  are  added  to  equation  ^4)  as  ior  each  of  the  forces 
above  When  particle  inertia  can  he  neglected,  bo'h  an 
electrostatic  and  an  lon  drag-induccd  terminal  velocity 
can  also  he  defined  Models  for  the  force  acting  on  dust 
particles  in  a  plasma  arc  complicated,  as  the  forces  can 
deper^d  on  the  local  electric  field,  the  ion  momentum 
flux,  particle  si/c.  the  gas  flow  rate.  Ihc  plasma  density, 
and  the  electron  lempcralurc,  7,  Numerical  m^xiet^  that 
can  predict  these  forces  are  now  becoming  available 
«  hoi  et  iil  1994) 

3.2.  I  he  Kulerian  formulation 

While  the  I  agrangnn  (particle  tracking)  mcihixi  pre¬ 
dicts  particle  transport  hy  considering  single  particle 
motion,  the  I  uicnan  formulation  predicts  particle  trans 
port  hy  viewing  the  particle  conccniraiion  and  velocity 
fields  as  a  ci*niinuum  In  'his  case,  the  solution  of  the 
particle  transport  problem  becomes  ‘“ty  much  like  that 
f>osed  hv  the  flow  field,  there  is  one  continuous  equation 
for  particle  mass  tc»'ncentr.rlion)  conservation  and  one 
continuous  equation  for  p.irticle  momentum  (veliKity) 
ci»nscrvam»n  I’articic  transpiTl  hy  diflosion  (Brownian 
m«>(ion)  IS  nalurallv  included  in  this  .orniuialii>n  -N 
great  simplification  is  obtained  if  particle  inertia  is 
ncgic'cled.  that  is.  if  it  is  assumed  that  the  particle 
insianlam*t*u\lv  reaches  the  terminal  vclixilv  at  vvhich 
drag  and  imposed  forces  are  in  balance  In  this  case,  the 
particle  momentum  equ.ilion  is  no  longer  neevled  arx! 
*»nl>  the  particle  ctmliniiity  equation  ‘or  particle  ci'nccn 
iratiiui  n  (particles  cm  *)  remains  (I  ochs  1964.  p  I9(M 

*  t  •  \'m  /  \  ■  r:  \  ■  (  I  .n)  (Ml 

*  r 

where  /  (vtn  s  '  >  is  the  particle  difTusio>i  ctHflic lerii 
k  I  i  1  X  nl 

y  (  M) 

'  -  1'*^, 

and  k  is  Holt/riiann  V  Lorisianl  I  qu.ihon  (I4>  has  the 
f<>rm  of  an  jd\i*clion  diffusion  equaOon  Isimdar  !<•  that 
for  species  mass  iraiispoii  ih.ii  can  K*  solved  hv  niisC) 
with  a  siMifee  equal  in  s)u'  st'eomi  (c-rio  m  the  nglit  h.md 
side  Before  s<*lvmg  this  .nUeviu  n  diffusion  cqiiaium 
the  fluid  vel'Xitv  lieKl  t  is  ».alcu)al{J  neglecimg  ihe 
particle  phav  Sole  (hat  (he  ne.  terminal  veliKilv  ) ,! 
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appearing  in  equation  (14)  can  include  contributions 
from  plasma-induced  forces  in  addition  to  gravitational 
and  thci  mophoretic  forces;  in  this  case  the  net  terminal 
velocity  would  clearly  vary  spatially.  In  this  work,  how¬ 
ever,  the  particle  dilTusivity  and  terminal  velocity  are 
assumed  constant  (the  latter  implies  V-  =  f^p-Vn); 
also,  only  steady  state  solutions  are  sought. 

4,  Problain  dMciiptlon 

To  demonstrate  the  relative  capabilities  of  the  Lagran- 
gian  and  tulcrian  schemes,  we  consider  axisymmetne 
flow  (no  plasma)  between  two  plates  as  discussed  above 
and  as  shown  in  figure  I.  The  flow  entering  through  the 
top  plate  (showerhead)  is  assumed  to  be  uniform  and 
steady  in  velocity  and  concentration.  For  all  calcula¬ 
tions.  both  plates  are  assigned  a  diameter  D,  =  24  cm; 
we  assume  a  fluid  density  p=  Igcm  '  and  a  fluid 
viscosity  II  ---  Igcm  '  s  and  an  inlet  conce-atralion 
II,  -  1  particle  cm  V  Two  gap  spacings  (.V  =  4  or  S  cm) 
and  two  inlet  -elocities  ((  „  =  1  or  4cm  s  ')  are  used  in 
the  calculations  to  explore  the  scnsitiviiv  of  the  solution 
to  these  parameters  Boundary  conditions  at  the  wall  are 
taken  as  zero  for  both  velocity  components  and  for 
particle  conccnlration  In  this  example  the  panicle  Icr- 
mmal  selocity  is  'aken  a>  consiani  and  is  directed 
toward  and  normal  to  the  lower  plate  (so  as  to  enhance 
deposUioii)  following  grid  refinement  stuilies.  a  giaded 
grid  of  4*'  elements  in  the  axial  and  Vt  elements  in  the 
radial  direction  was  ct'oseii  lor  all  calculations,  all 
elemerils  are  nine  ninle,  hiqu.idratic  qiiadril.iterals  A 
mixeil  pressure  scheme  was  .ipplieil 

Since  all  calculations  are  lii.idc  with  diineiiMonal 
parameters  the  utility  of  the  result'  can  be  incie.ised  b\ 
expressing  the  results  in  dimensumless  icrnis  (  oi  this 
purpose,  equation  1 14|  is  non  dinicns.onali/ed  hv  shoos 
ing  S  as  .1  characteiistic  length  (  as  a  chai.u ten-lie 
veli'Ciiy  and  u,.  .is  .i  char.icicristu  concciai.ilion  I  inter 
the  present  .issumptioiis.  equ.ilion  I  14|  becoines 


wliere  the  Feelei  numbei  is  defined  .is  (*e  \l  /  In 
standard  problems  ol  pceies  mas>  Iransler  the  I’eelc! 
numbei  would  be  snflicieiil  to  ch.ir  elen/e  compleleic 
the  problem  for  a  gicen  geometrx  .ind  llo'w  Iiet.f  I  or 
particles  howexer  Ihe  presence  ol  a  leimmal  celocils 
term  (Ihe  second  term  on  Ihe  right  hand  sidei  mean- 
that  the  Peelel  numbx-r  no  longei  uniquelv  s(X’cities  the 
scrlulion  I  or  oui  example,  in  which  ibe  leiminal  cehn 
ily  IS  constant  and  normal  lo  the  pl.ile  a  dimensionless 
cel'Kity  ratio  must  also  be  consnlere,!  I,!  ( 

5.  RmuKs  and  dtscuMlon 

‘.VI.  Flow  Held  cikxilaliom 

Streamlines  fnim  ihe  solution  ol  the  flow  betwe-en  the 
two  plates  arc  shown  in  figure  .f  lor  S  4  and  (  I 


Figure  2.  Streamlines  for  S  =  4  cm.  =  1  cm  s  ’  and 
Re  =  4. 


Figure  3.  A*iai  as  a  ‘unetton  of  anal  f)ORMion  {/)  at 

fjdial  p<>S>t»ons  f  4  0  arw.t  1  ?  f.m  ( S  4  cm,  U  )  cm  s 
arvj  Rh  4) 

vkhich  vof rcvp«‘iu|s  ti»  .1  Ihiu)  RcviifUls  numhiT  *•!  Rc 

/'(  ft  4  As  c»|xxKt)  hff  siah  .»  Invk  Ri'vnulds  luim 
Kci  Mstoiis  cHckts  vliinunalc  .»i)kl  .i  parahoiic 

prtftilc  IS  tnui.f!  In  ihi*  anlr.il  con*  thi- 
IN  pNOinlt’  •’IK’  vtiincnsi' iniil  h\  this  va-  mean  Ih.il  the 
.a'al  vcKvilv  vlcpi'nds  xtniv  x»n  tixi.il  piiM!n»n  <;».  sxhilc 
(hi*  ratio  v'l  ihi'  r.i'.li.tl  v  itiMiial  hs  r.uliiis  (tcpi'nds 

•  *nl\  i>n  I  hijs  it  (tu  r.uli.il  a'li'vil'.  is  si..ilcit  h\  the 
r.ulius  ihi'f)  llu'  i.uli.il  \cituiiN  profiles  Mill  sollapM.'  lo 
one  xurve  (lhi‘  radi.il  must  iiKrtMsc  valh  r.ixlnis 

l«*  14'nst’rM*  m.isv)  )  igurr  ^  sliows  pr  'hies  ot  .ixi.il 
vi’ltKiU  xis  .1  juiKfuMi  i>(  . ixi.il  I'msilion  1.1  (of  sCMi.il 
radia)  pi>Miu*ns  I  he  oiu*  ilinu’nsi4»n.il  ihur.iitcr  ol  the 
.ixi.il  xcIsH.  i(\  is  sUoii^l  V  idem  ox  a*  pi  ar\  nc.ir  the  cxtl 

A.2.  panicle  (ran^rt 

An  cxanipic  of  .i  I  .i^r.rn^ijn  (r.inspofl  i.ik ul.ilion  is 
\hovxn  in  tijf'irt-  4  uhuh  shovxs  ir.ijatoncs  l«»i  I! 
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Figure  4.  Particle  tracks  for  particle  respond  time 
T  *  0.0025  s  with  terminal  velocity  =  1  cm  3  '  (S  =  4  cm. 
14  -  1  cm  s  '  and  Re  =  4). 


particles,  which  started  from  the  upper  plate  at  1  cm 
radial  intervals.  Particles  with  a  very  small  response 
tirre  (t  0.0025  s)  were  chosen  Sor  this  calculation,  so 
that  the  particles  arc  always  moving  at  close  to  ihcir  net 
terminal  vchKity  Here,  a  gravitational  acceleration  wa<> 
used,  which  gave  a  gravitational  terminal  velocity  01 
I  cm  s  '  The  particles  were  started  m  cquihhrium.  with 
an  initial  vckKiiy  of  2cms  '  (the  vector  sum  of  the 
1  cm  •.  '  huid  velocity  plus  the  1  cm  s  '  gravitational 
terminal  velocity)  In  this  calculation,  eight  of  the  1 1 
particles  were  deposited  on  the  lower  plate  Arlditional 
Irajectoiy  calculations  were  made  to  identif)  (he  initial 
location  o(  a  parlielc  H  'lng  dcposKtxl  on  the  vef>  outer 
Cilgc  of  (he  lower  plate,  this  critical  tra(Cclor>  was  h>und 
•o  stall  at  r  K  50cm  I  (<r  a  uniform  inilux  of  particles 
:ti  the  lop  plate,  these  calculations  show  that  oI 

panicles  entering  ‘he  ili»m am  wnuld  K*  collcclcri  on  the 
h  wjr  pla.e  Increasing  the  particle  resp*'nso  nine  in 
creases  this  collection  cniciencv.  in  the  liiml  ol  large 
particle  iespt»nsc  <  me.  particses  c<mtinu':  l«-  (ravel  with 
their  initial  vchK.1l>  normal  to  ihc  lower  plate  and  the 
Ci'llcciion  ffliticncv  becomes  iinnv 


Kiileriaii  particlr  iramiporf 

A  SCI  Its  of  ca'i  ulalioris  were  alsi'  made  in  which  particle 
transport  was  « haractcn/cd  using  the  f  ulenan  forma 
non  I  he  cal' ulalions  sloiw  that  the  partulc  ci>nien(ra 
don  field  is  one  dimensit>nal  kleperuftng  onlv  on  asial 
positiont  except  verv  near  the  exit  Ihis  result  hiWds  lor 
all  ci>mhinafions  i»f  parameters,  for  example  th^’  cimcen 
Iranon  field  is  one  dimensional  m  l»oih  tfiffusnm 
dominated  and  terminal  vcUkHv  dominated  regimes  for 
ho^h  gap  spiicmgs  i.V  4  or  Hem)  and  both  KevnoMs 
number  <Rc  4  and  lb)  An  implication  ol  this  result  is 
(hat  the  particle  flux  \o  the  iov^cr  plate  ts  uniform,  tigun 
s  shows  a  calculation  of  particle  Oux  to  the  lower  plate 
as  a  function  of  radial  psisilim  for  the  caw  >  4ini 
I  ,  I  cm  s  '.  y  2  cm'  s  ‘  IV  2  Ip  f  I  ami 


0.0035  0.2a«5  0.^1  0.7^  0.M17  Tm 


/(cm)  (1IO) 

Figure  5.  Local  flux  to  the  lower  plate  as  a  function  of  radial 
position  (S  *  4  cm.  L4  «  1  cm  s  y  *  2  cm^  s  Pe  2. 
V;.U^  -  1  ano  Re  -  4). 

Re  =  4.  Although  there  is  u  dislinc  ncrcasc  in  deposi¬ 
tion  rate  near  the  outer  radius  of  the  domain,  the 
edgc-to-ccntfc  variation  is  less  than  about  2%  The 
average  flux  to  (he  lower  plate  is  calculated  to  be  1  34 
paiticies  cm  *  s  '.as  compared  with  an  inlet  flux  of 
206  particles  cm  *  s  which  gives  a  collection  efli- 
ciency  <*f  6.^”o  (where  collection  eflicicncy  is  defined  as 
the  fraction  of  particles  entering  the  reaelvir  that  end  up 
kKing  drposftcd  i>n  the  li‘wcr  piaie) 

CotVedun  cfliocncies  ^’s  a  function  of  fV  arc  plotted 
in  figure  6  for  the  same  lh>w  ci>n(iiiions  i.S  ■  4  cm.  ( 

I  cm  s  and  Re  4)  for  three  values  of  fp  (  I  wo 
interesting  ^liahiative  observations  should  he  noted 
;  irst  ir  the  limit  of  >mall  IV  kitfrusion  dominalcd 
transport),  the  ct>lleetion  eOicienev  tends  lo  umlv  '^ec 
ond.  in  the  limii  i»l  large  IV  Itetminal  vehvtv 
dominated  lranv,..'r(i  the  io|k\iu>n  efti;  ienc>  tends  to 


0  0  ‘  . .  -  .  •  . .  -  . .  •  .  . 

01  0  1  1  to  too 


Pe 

Ffgur*  6.  CofM/iction  as  h  lomiion  o(  Pp  (or  th^ef* 

partKip  terminal  yekxatres  (S  4  c.m  1/  1ms  arxl 
Rn  4) 
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+  K)-  For  example,  for  Ip  =  I7„  =  1  the  collec- 
lion  efficiency  tends  to  50%.  As  expected,  this  result 
agrees  with  the  calculations  of  the  same  physical  prob¬ 
lem  using  the  Lagrangian  formulation  presented  in  sec¬ 
tion  5.2. 

6.  Conclusions 

The  algorithms  underlying  both  Lagrangian  and  Euler- 
ian  formulations  for  particle  transport  have  been  briefly 
described.  Using  a  commercial  finite-element  code,  these 
two  approaches  have  been  demonstrated  on  a  generic 
parallel-plate  reactor  geometry.  Both  techniques  provide 
information  on  particle  mi'lion  within  the  fluid  domain 
and  give  deposition  rates  to  the  lower  plate.  The  Lag¬ 
rangian  approach  is  used  in  this  work  when  both 
panicle  inertia  and  applied  forces  are  important,  while 
the  Eulcrian  approach  is  used  when  both  particle 
Brov  nian  motion  and  applied  forces  are  important. 
In  the  overlap  region  of  negligible  particle  Brownian 
motion  and  inertia  both  techniques  give  the  same 
particle  collection  efficiency  for  terniinal-velocity-domi- 
nated  transport.  Although  plasma-induced  forces  on  the 
particle^  are  not  treated  in  detail,  we  have  shown  how 
models  for  these  forces  can  be  incorported  into  the 
Lagrangian  or  tulcrian  framework  as  they  become 
available. 
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Abstract.  Once  particles  are  formed  or  Injected  into  plasmas  used  for  materials 
processing,  such  as  in  plasma  etching,  plasma-assisted  chemical  vapour  deposition 
or  sputtering  plasma  systems,  the  nature  of  particle  transport  will  largely  determine 
whether  a  processing  surface  will  be  confaminated.  We  investigate  the  situation  in 
which  the  particle  density  is  low  enough  to  ignore  particle  particle  and 
particle  plasma  Interactions.  Emphasis  is  placed  on  obtaining  expressions  for  the 
forces  experienced  by  particles.  These  expressions  depend  on  the  local  plasma 
condition:  plasma  density,  electron  temperature,  positive  ion  directed  and  random 
kinetic  energies,  electric  field  and  ion  mass.  We  apply  a  model  of  an  electron 
cyclotron  resonance  discharge  to  prediction  of  the  existence  and  nature  of  particle 
trapping.  Model  predictions  indicate  that  a  high-density  source  such  as  an  electron 
cyclotron  resonance  discharge  is  unlikely  to  trap  particles  mainly  because  of  the  large 
ion  drag  force  sweeping  particles  out  of  the  discharge.  Finally,  we  present  a  model  of 
particle  heating  in  discharges.  Under  typical  radiofrequency  discharge  conditions, 
particles  are  generally  predicted  to  be  near  the  neutral  gas  tempenuture  in  the 
discharge.  We  have  conducted  experiments  and  found  results  in  agreement  with 
these  prediclions.  However,  under  conditions  typically  encountered  in  high-density 
plasma  sources  such  as  an  electron  cyclotron  resonance  source,  the  model  predicts 
that  particles  may  be  heated  to  temperatures  of  two  to  three  times  room  temperature. 


1.  Introduction 

The  reduction  of  particulate  contamination  in  plasma- 
aided  semiconductor  processing  is  a  matter  of  'iiajor 
economic  importance  [I],  It  is  essential,  therefore,  to 
understand  the  behaviour  of  particles  in  processing 
plasmas  in  order  to  minimi/c  their  elTect  on  microelec¬ 
tronic  device  production  In  this  article  we  consider 
particles  to  be  objects  of  larger  than  atomic  dimensions, 
typically  spheres  or  agglomerates  of  spheres  ranging  in 
size  from  nanometres  to  micrometres  in  diameter  We 
review  the  charging  and  transport  behaviour  of  such 
particles  in  plasmas,  and  apply  tins  knowledge  to  iinder- 
st.'inding  how  particles  reach  surfaces.  In  addition,  we 
investigate  the  temjierature  of  particles.  I  his  is  of  inter¬ 
est  for  understanding  particle  growth  and  morphology. 

The  main  thrust  of  this  paper  is  to  outline  a  theory 
of  the  forces  on  particles  in  processing  piasmas  given  a 
model  of  the  plasma  The  first  requirement  is  a  model  of 
the  sheath  around  the  particle  and  the  particle  charge. 
I'hese  require  a  model  for  the  particle  capacitance  and 
the  ion  and  electron  currents  to  the  particie  We  suni- 
iiiaiize  result,  from  a  model  based  on  theories  first 


applied  to  the  analysis  of  electrostatic  probes  Once  we 
have  the  form  of  the  sheath  profile,  expressions  for  the 
panicle  capacitance  and  the  monopolar  and  dipolar 
forces  on  the  particle  can  be  obtained.  I  he  potential 
profile  and  particle  charge  are  used  to  obtain  expres¬ 
sions  for  the  momenturii  transfer  cross  section  due  to  ion 
drag 

The  expressions  for  the  forces  on  particles  arc  used 
to  predict  particle  trajectories  in  a  high  density  electron 
cyclotron  resonance  (i  (  K  l  plasma.  Model  predictions 
suggest  that  particles  in  high-density  plasmas  arc  not 
trapped  by  the  plasma  potential,  unlike  in  Kl  discharges. 
I  he  ion  drag  force  is  much  stronger  in  high-deiisily 
plasmas,  and  the  neutral  drag  and  plasma  potential  are 
relatively  small  Particles  become  entrained  in  the  .'on 
flux,  and  can  viften  sccle  the  retarding  sheath  poleiili.ils 
and  leave  the  discharge  Inertia  plays  an  important  role 
in  particle  transport  We  explore  jsarticlc  trajiwtorics 
that  originate  at  the  chamber  w.iils,  following  evidence 
presented  by  1  ogan  and  Mcdill  thai  siressed  film  vie 
posits  eject  niicromctre-scalc  particles  with  coiisulerable 
velocity  [2  ] 

I  irially.  we  present  a  model  to  predict  particle  leni- 
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peraturc.  Particle  surfaces  are  heated  by  ion  electron 
recombination  and  are  cooled  by  rr-diaiion  and  conduc¬ 
tion  from  the  neutral  gas.  Under  Rt  discharge  condi- 
tion^  particles  are  predicted  to  remain  at  or  slightly 
above  room  tenips'raturc.  Experimental  measurements 
confirm  this  prediction.  However,  relative  to  rk  dis¬ 
charge  conditions,  the  higher  plasma  density  and  lower 
neutral  gas  density  in  the  high-density  sources  greatly 
increases  the  hea'ing  of  particles  and  reduces  conductive 
cooling.  Since  .1  particles  tend  to  be  relatively  inef¬ 
ficient  radiatoi.  jI  infrared  wavelengths,  particles  arc 
predicted  to  reach  icmpcraturcs  of  the  order  of  1000 K. 


2.  Parttcle  charging  ana  shnath  structure 

In  this  section  we  summarize  our  model  for  particle 
charging  and  the  associated  issue  of  the  struclua-  of  the 
sheath  that  forms  around  a  small  particle  immersed  in 
the  plasma.  The  results  that  we  present  are  based  on  the 
solution  of  the  coupled  Poisson  Vlasov  equations  This 
thcor;  was  first  formulated  and  applied  to  the  problem 
of  current  collcelion  by  a  spherical  electrosialie  probe 
by  Bernstein  and  Rabinowitz  [.1]  In  ihis  theory,  ions 
and  electrons  are  assumed  to  move  '.viihoui  collisions  in 
the  vicinity  of  the  p,irliclc.  although  collisions  must 
establish  some  distribution  function  f.ir  from  the  par¬ 
ticle.  Electron  and  ion  densi'ies  can  therefore  be  ob¬ 
tained,  in  nrincipic.  by  the  solution  of  the  Vlasov 
equiilion.  Ions  are  assumed  to  be  monoenergelic  and 
electrons  are  assumed  to  have  a  Maxwell  Boltzmann 
distribution  in  the  Bernstein  and  Rabinowitz  theory, 
l.aframboise  [4]  extended  the  Bernstein  and  Rabinowitz 
approach  by  generalizing  to  non-monoanergetic  ion 
velocity  dislrihulion  functions.  In  general,  the  space 
ch.;irge  in  the  particle  sheath  inlUiences  the  ion  and 
electron  trajectories,  so  expressions  must  he  obtained  for 
the  net  charge  density  as  a  function  of  tailial  position 
from  the  particle  I'hcse  expressions,  obtained  from  orbit 
theory,  arc  inserted  into  Poisson's  equation  to  solve  for 
the  potential  profile  Ihe  result  is  the  spherically  sym 
metric  solution  of  the  coupled  Poisson  Vlasov  equa¬ 
tions  The  major  complications  m  this  theory  have  to  do 
with  the  existence  of  Ihe  abso  ption  ravlius  and  asso¬ 
ciated  extrema  in  the  curves  of  elTeciive  potential  f"] 
Additional  complications  that  we  do  not  deal  with 
include  non-monoenergetic  ion  energy  distributions  in 
computing  the  sheath  potential  (although  this  is  ac¬ 
counted  for  in  the  charging  and  force  calculations  that 
follow),  fluctuations  in  particle  surface  potential  due  to 
linitc-chargc  elTccIs,  collisions  in  the  sheath,  the  eflecls  of 
ions  in  trapped  orbits  and  deviations  from  a  central 
force  held,  due  to  streaming  plasma  [fi], 

i  iguics  l(u)  and  (h)  summarize  the  results  of  the 
sheath  struc'ure  predicted  by  solving  the  Poisson 
Vlasov  equations  for  a  typical  set  ol  conditions  of 
interest  for  particles  in  higb-density  plasma  systems  f '] 
Table  1  lists  the  con-lilions  assumed  for  the  plasma  far 
from  the  particle  surface  We  assume  that  the  particle 
has  a  O.O.'i /im  radius  and  that  no  negative  ions  are 
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Figure  1.  (a)  Plot  of  potential  as  a  function  of  pf  sition  for  a 
parljcle  of  radius  0.05 The  full  curve  m  the  ifis,  -t  shows 
the  same  result  plotted  to  dusplay  the  similarity  to 
Debye  Huckel  solutions  with  the  following  screening  lengths' 

(  )  electron  Debye  length,  ( . )  linearized  Debye 

length  (equation  (1)).  and  (-  -  -)  :on  Debye  lenv^th  (P)  Ion. 
electron  and  net  charge  density  protiles  near  the  partir'o. 


present  f  igu.e  !((/»  is  a  plot  of  (hv‘  potential  profile  in 
the  vieinit)  of  ihc  pviriiele.  Ihe  inset  in  figure  l(u) 
mjieales  that  the  Poissdii  Vlasov  s(>liitu>n  is  well  ap- 
proMinatcd  (exeepl  far  from  the  particle,  whcie  the 
p(»ientiiil  vanes  as  r  )  hv  a  I)eb>e  Muckel  m  screened 
Co'ilomh  potential.  </)(r|  r)  wpl  (r  a)/], 

wr  I  the  chaiacierisiic  screening  length 


where  o  is  the  particle  radius,  is  the  particle 

surface  potential,  n ,  is  the  plasma  densiis  l,,r  from  the 
particle,  e  is  the  elementary  umt  iT  ctiarge.  is  the 
vacuum  pernnttivity,  k  is  Koh/mann  s  cimstani.  /,  is  the 
electron  lempcraiurc  and  t.  .  is  the  ion  cnerg>  far  from 
the  particle  f  quation  (l»  results  from  the  hiieari/.iiion 
of  the  full  set  of  f*ois‘  on  Vlasov  egii.iimns.  and  foi  this 
reason  wc  cull  /  the  /uii'ur.:ei/  Debye  length  We  note 
that  m  the  Pois-im  V!av*.v  equalu'iis,  ihu  u'n  density 
dcjxmds  on  the  ‘a/wure  roof  of  (/kri  h.  .  ,  the  faclt'r  2 
multiplving  f  ,  m  equation  (i;  fcsull>  friun  the  hnean/ 
ation  of  this  square  root  term  { "sj  I  or  the  conyiilions  in 
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Table  1.  Conditions  assumed  for  plasma  for  example  of  figure  1. 


Gas  Argon  (ion  mass  6.634  x  10  -*’kg) 

Piasma  density  SxIO'^m  ' 

Electron  temperature  2.5  eV  (electron  Debye  length  l7/<m) 

Positive  Ion  energy  0.15eV  (positive  ion  Debye  length  4/<m) 


table  1,  /  is  6;mi.  which  is  smaller  than  the  electron 
Debye  length  (17 //m)  because  ^7^  »  £  , . 

Figure  1(h)  is  a  plot  of  the  charge  density  profile 
corresponding  to  the  potential  profile  in  figure  l(<4).  The 
most  sinking  aspect  is  that  the  ion  density  increases 
rapidly  near  the  particle  surface.  It  turns  out  that  the 
local  rise  in  the  ion  density  around  small  particles  results 
from  the  spherical  geometry  and  the  corresponding 
importance  of  ion  angular  momentum. 

r-xaminaiion  of  figure  KcO  shows  that  near  i!ie 
particle,  the  Poisson  Vlasov  p(Uenli  il  ('rofile  differs 
little  from  a  purely  ('oulomb  potential  prolile.  l-ven 
though  the  ion  density  n  ,  increases  in  the  \icinil\  of  the 
particle,  the  number  of  positive  charges  corresponding 
to  this  density  is  relainely  small  in  such  a  small  volume 
This  is  illusifatcd  more  clearly  in  tiguros  and  (h)  fS], 
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X  -  (I  a)/7. 

Figure  2.  (a)  Cumulative  charge />(r}  This  tunct»on  gtvos 
the  net  positive  charge  as  a  function  of  the  radial  position 
from  the  particle  surface  (p)  Radial  charge  distribution 
furvction  P{r)  (1/n,  )(dn(r)/dr}  This  function  gives  the 
probability  of  finding  net  charge  m  a  spherical  shell  t>*>tween 
the  radii  r  and  r  ♦  d' 


Figure  2(<r)  is  a  plot  of  the  net  positive  charge  as  a 
function  of  radial  position  from  the  particle  surfac-  The 
quantity  Pfr)  dr  that  is  ploiled  in  figure  2(h)  is  the 
probability  of  finding  charge  in  a  spherical  shell  between 
the  radial  posiiion.s  r  and  r  +  dr,  T  he  peal;  in  this  curve 
is  about  one  linearized  Debye  length  from  the  particle 
surface  Figure  2{h)  indicates  that  most  of  the  charge 
shielding  the  plasma  from  the  particle  resides  at  least 
one  IX'byc  length  from  the  particle  We  expect  that,  very 
near  the  particle,  the  instantaneous  charge  density  will 
show  significant  lluctualion'*  since  the  average  number 
of  ions  in  a  sphere  of  radius  about  0.5 ;/m  (for  the 
condjijons  of  tigure  1)  is  on  the  I'rder  of  one  [6]. 
However,  within  a  linearized  Debye  sphere  (radius 
abou*  hjun),  there  are  hundreds  of  charges.  We  conclude 
that  the  pretliciu>,.s  vT  ion  density  break  iliiwn  for  radial 
positions  much  less  than  about  cme  Debye  length,  but 
they  are  apprt^priaie  for  radii  (T  the  order  of  Particles 
with  radii  greatei  than  t'ne  linearized  Debye  length  have 
sciecning  lengths  that  apprtnich  or  exceed  the  electron 
Debye  length  (  5  ] 

W'c  have  shi»wh  I'UAiotisly  that  when  ii  /  “  1,  or¬ 
bital  motion  liinii  om.  >  iiu-'fs  can  be  used  lc<  provide 
an  estimate  of  tlu  i-o  .uuj  electron  ciirn*nls  to  the 
particle  [5J  )n  ihi  ti  .  iil\  ihe  surlacc  poieniial 
affects  currviil  collciu  h  lU  I'U'lilc  of  potcnii.il  sur¬ 
rounding  the  pa  rill  K  '  u  lanl  in  this  limit  ( )bv  i- 

iuisly.  ihis  siinpliiu  ■  1'  ^  ait.ilvMs  considerably,  1  his 
ihci*r\  breaks  dowii  v'Iko  rviieiua  in  ihe  ciuves  ol 
cHeclive  poiemia!  an  >  t'ui  ii  tin  ns  out  lhal  iheelfcci  of 
these  ct»mp)K,iiion-  <■  niiiiiM.ii  undci  most  conditions  ol 
interest  in  this  applu-Hi.'i;  Die  mmi  theory  was  ong 
inally  derived  lor  |M-..f>es  by  Molt  Smith 

.iiui  I  angmuir  I?]  11k  -  .-  .luilioi'.  derived  the  charging 
currents  ha  both  M.ixKclh.m  .uul  ion  b'Miu  vcloeiiy 
distribution  funcln  n  1 1  -ki  \ci  under  the  conditions  of 
interest  in  piocesMne  i'I.i'Iuks  ilic  ion  vcF  ..ily  distribu¬ 
tion  function  more  *.  I> '  > i  CM  inbles  .i  drilling  Max  w el 
Sian  than  either  a  pinx  M  iwM-lli.tii  or  .t  S>eain  (K  10| 

(  «>nsequenllv .  we  li.nc  le  dciivcd  ihe  (ivu  vh.iiging 
equatum  lor  a  dnlhiie  M.ivwelli.in  ion  disirihution  tunc 
tioti  I  gkiv  and  ( iiKKb'vels  [11  |  and  (  Tien  and  (  hen 
[12)  del  I  VC  sinulaf  vpi  cxmoos  tor  the  v.  fi.iiging  tur  rents 
\  sing  <iMi  iheorv  ilie  i.<ii  ^.iiiienl  is 
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In  equation  (2),  v+j,  =  is  the  ion  drift  velocity 

relative  to  the  particle  velocity  Vp,  Vp*  is  the  ion  drift 
velocity  relative  to  stationary  coordinates,  1)*^  =  |v^p|  is 
the  relative  ion  drift  speed,  f  is  a  measure  of  the  ion 
thermal  speed,  is  the  ion  mass,  n^.  is  the  average  ion 
density  in  the  vicinity  of  the  particle,  is  the  naiticle 
surface  potential  with  respect  to  the  local  plasma  poten¬ 
tial  and  7"+  is  the  ion  temperature.  We  note  that  equa¬ 
tion  (2)  reduces  to  Mott-Smith  and  Langmuir's  current 
ovor^-ssion  for  h^oy^vellian  :^os  wh-"-  •'  "  and  it 

reduces  to  their  expression  for  bcan.ing  ions  when 
i)  +  p»f+  [7]. 

Since  the  electron  drift  velocity  is  much  smaller  than 
the  electron  random  thermal  velocity,  we  use  Mott- 
Smith  and  Langmuir's  original  expressions  for  the  elec¬ 
tron  charging  current  [7] 


-^(4jra-) 
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M.exp 


(3) 


In  '■'Uiotion  (3'  m,  is  the  electron  mass,  fi,,  is  the  local 
electron  density  and  7,  is  the  electron  temperature.  The 
total  charge  on  the  particle,  (7^,  may  be  found  by 
requiring  charge  conservation  at  the  surface  of  the 
particle 


This  result  may  be  simplified  by  using  the  Debye 
Hiickel  capacitance  (C)  of  the  sphere,  C  =  4ni:ga(I  +a/A), 
to  give  the  final  result  [13] 


—  Qp^O 


1  + 


(a/2)^  \ 

3(i  +aM)/ 


(6) 


Equation  (6)  indicates  that  the  electrostatic  force  on  a 
particle  immersed  in  a  plasma  is  at  least  I"  the 

majority  of  cases  in  which  the  Debye  Hiickel  theory  is 
applicable  [5]  o/2  «  I  and  the  force  is  almost  identically 
QpEo- 

A  similar  calculation  for  the  dipole  moment  p  gives 
the  expression  p  =  dnega^Eg.  (In  this  expression,  we 
have  dropped  terms  of  order  of  a/2  and  smaller  [13].) 
Note  that  this  result  is  identical  to  the  dipole  moment  of 
a  charged  sphere  in  vacuum.  Since  the  dipole  moment  p 
is  proportional  to  a’,  the  resulting  dipole  force  on  the 
particle  from  a  gradient  in  the  electric  field  is  generally 
much  smaller  than  the  monopole  foree. 

A  very  important  force  on  particles  in  discharges  is 
the  ion  drag  or  ion  wind  force  14  18].  When  positive 
ions  drift  towards  walls,  th.  icract  with  the  sheath  of 
the  particulate,  transferring  momentum  in  what  are 
essentially  Coulomb  collisions.  In  order  to  compute  the 
magnitude  of  this  force,  we  use  the  following  expression: 


dt  ' 


(4) 


(7) 


Under  the  conditions  of  interest,  it  can  be  shown  that 
the  screened  Coulomb  potential  profile  determines  the 
capacitance  relation  C  (7p/0p  =  4iti:ua(  1  +«//.)  [13]. 
The  charge  in  equation  (4)  may  therefore  be  expressed 
as  =  •*'t''(i"0p(  I  +  a/7.)  i  4a(.|,a(/)p,  since  usually 
(i/7.  <  I. 

An  initial  condition  is  needed  for  equation  (4).  We 
have  assumed  that  the  particle  comes  off  the  wall  with 
no  charge.  In  fact,  since  dielectric  surface  films  could  be 
charged,  a  particle  could  come  olT  the  wall  with  a 
considerable  amount  of  charge.  We  have  found  that  the 
particle  charging  time  is  very  rapid  =:  1  ps  or  less) 

for  particles  with  sizes  a  c:  OO.S/im  and  larger  in  high- 
plasma-density  systems  [23]  Consequently,  the  particle 
trajectory  is  not  sensitive  to  the  assumption  made  about 
the  initial  particle  d.argc 


3.  Forces  on  particles 

Once  we  obtain  the  form  of  the  sheath  potential  profile 
and  we  have  an  expression  for  the  charge  on  the  particle, 
we  can  calculate  forces  on  the  particle  due  to  an  applied, 
external  electric  field  and  field  gradient  Ihe  monopole 
force,  7'„,,  on  a  particle  due  to  the  applied  field  t'„  can 
be  shown  to  be  [  1 3] 
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where  A„„  is  the  momentum  transfer  rate  cocdicient.  The 
momentum  transfer  rate  coeH'icient  can  be  calculated  from 

A'„„  =  (T(r,)r, /(!•,)  dr*  (8) 

if  the  cross  section  cr(i  ,  )  and  the  ion  speed  distribution 
/(r  , )  are  known. 

In  order  to  evaluate  equation  (8),  we  need  an  esti¬ 
mate  for  the  cross  section,  and  this  can  be  obtained  from 
classical  scattering  theory  and  knowledge  of  the  poten¬ 
tial  around  the  particle.  Details  can  be  found  elsewhere 
[14,15],  bul  a  result  predicted  from  a  screened  Coulomb 
potential  profile  and  classical  scaiicring  theory  is  shown 
in  figure  3. 

In  order  to  evaluate  the  integral  in  equation  (8),  wc 
generally  use  a  screened  C’oulomb  foim  for  the  cross 
section,  and  a  shifted  Maxwellian  for  the  ion  speed 
distribution  function  /(r  ♦ ).  An  example  is  pujvidcd  in 
figure  4,  where  the  rate  coefficient  is  plotted  as  a  function 
ion  density  with  the  ratio  of  ion  drift  speed  to  randoni 
thermal  speed  as  a  parameter.  Ihe  other  discharge 
conditions  arc  listed  in  figure  4.  I  hc  general  trend  is  that 
the  rale  coefficient  declines  with  increasing  plasma  den¬ 
sity.  This  IS  because  the  si/e  of  the  ‘^hcath  decreasc^  as 
plasma  density  goes  up  Ihe  dependency  of  on  , 
and  ion  drift  speed  can  change  as  othc.  discharge 
parameters  fanu  particle  si/e)  change  This  illustrates  the 
complex  parameter  dependencies  that  are  often  ob¬ 
served  in  modelling  particles  in  plasmas 
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Ion  Energy,  (eV) 

Figure  3.  Ion  particle  momentum  transfer  cross  section  as 
a  (unction  ot  ion  energy  for  the  following  conditions:  electron 
tempuraiur  ,  2.5  eV,  ion  temperature  0.15  eV,  plasma 
density  5  x  10'’m‘  ^  and  particle  diameter  0.1  jim.  At  high 
ion  energies,  the  cross  section  approaches  the  hard  sphere 
cross  section,  which  is  7.85  x  10~’^m^. 


Figure  4.  A  plot  of  momentum  transfer  rate  coefficient 
versus  positive  ion  density  (or  various  ratios  of  ion  drift  speed 
to  random  thermal  speed,  (or  the  conditions  shown. 


Figure  5  is  a  plot  of  the  ion  drag  force  for  the  same 
conditions  and  parameters.  Note  that,  while  the  rate 
coenicient  declines  with  density,  the  force  increases  with 
density.  Note  that  the  ion  drift  speed  will  greatly  exceed 
the  ion  random  thermal  speed  by  the  time  ions  attain 
the  Bohm  velocity  near  the  sheath  edge.  For  the  condi¬ 
tions  of  this  example,  the  ion  drag  force  is  predicted  to 
drop  when  the  drift  speed  exceeds  the  thermal  speed  by 
a  factor  of  two. 

Additional  forces  on  the  particulates  include  ther¬ 
mophoresis  [19],  gravity  and  drag  due  to  the  relative 
velocity  between  the  particle  and  the  neutral  gas.  Only 
the  last  force  is  significant  for  the  conditions  of  interest 
in  the  following  section,  so  we  limit  the  discussion  to  it. 


Figure  5.  A  plot  of  ion  drag  force  versus  positive  ion  density 
for  various  ratios  of  ion  drift  speed  to  random  thermal  speed, 
for  the  conditions  shown. 


From  gas  kinetic  theory  the  neutral  drag  force  can  be 
written  as  [20] 


In  equation  (9),  ii„  is  the  neutral  gas  density,  i  „  is  the 
neutral  thermal  speed,  i’„,,  =  i'„„  -  is  the  average 
relative  velocity  between  the  neutral  gas  and  the  particle, 
7„  is  the  neutral  tc,npcraturc,  and  m„  is  the  mass  of  a 
neutral  molecule  Note  that  when  s  «  1,  equation  (9) 
reduces  to  the  more  familiar  Fpstein  expression  for 
neutral  drug  in  the  kinetic  regime  [20,21]: 


4,  Particle  trajectories  in  hIgh-density  plasmas 

We  now  come  to  the  point  where  the  model  for  the 
forces  on  the  particles  can  be  combined  with  a  plasma 
model  to  predict  particle  trajectories.  In  this  illustration, 
we  assume  that  particles  are  emitted  from  the  chamber 
walls  due  to  film  stress,  as  has  been  reported  by  Logan 
and  McGill  [2].  We  speculate  that  this  is  an  impoitani 
mechanism  for  the  introduction  of  particles  into  a  high- 


437 


D  B  Graves  «r  4/ 


M4|>n«lu  Fifld 


Figure  #.  Schematic  diagram  of  the  eleciron  cyclotron  resonance  chamber 
configuration.  Tha  arrows  labelled  V„  represent  the  initial  positions  and 
velocities  (or  the  particle  trajectories  that  are  discussed  in  the  text. 


density  plasma  device.  In  the  analysis  that  follows,  we 
use  our  model  of  the  forces  that  particles  experience  and 
a  model  of  the  plasma  to  predict  particle  trajectories.  We 
assume  that  particles  are  emitted  from  walls  at  a  given 
velocity,  without  attempting  to  model  the  actual  ejection 
process.  For  the  results  presented,  a  particle  diameter  of 
0.1  pm  has  been  chosen 

We  consider  the  hc  r  geometry  shown  schematically 
in  figure  6  [8].  Discharge  and  plasma  conditions  arc 
listed  in  tables  2  and  3.  The  plasma  model  has  been 
discussed  in  detail  elsewhere  [8,9].  The  essential  plasma 
features  are  that  the  peak  plasma  density  is  of  the  order 
of  lO'^em  ',  the  ion  current  to  the  walls  is  of  the  order 
of  5  lOmAcm  '^,  the  electron  lempcralure  is  about 
25eV,  and  the  sheath  potential  is  aboul  LSV.  Ion 
velocity  distribution  functions  are  close  to  drifting  Max- 
wellians  with  random  energies  of  the  order  of  a  few 
tenths  of  an  electron-volt.  The  ion  tlux  vectors  arc 
shown  in  figure  7.  These  conditions  arc  typical  of  a 
variety  of  high-density  plasma  devices  currently  under 
investigation,  including  for  example,  Kl  inductive,  heli¬ 
con  and  helical  resonator  devices  [22]. 

Illustrative  trajectories  for  two  different  initial 
positions  and  ten  different  initial  velocities  of  the  par¬ 
ticle  are  shown  in  figure  8  [2,23].  First  consider  the 
five  trajectories  that  originate  on  the  left  side  wall 
The  three  trajectories  with  initial  velocities  between 


Table  2,  Operating  conditions  (or  ttie  electron 
cyclotron  resonance  simulation 


Gas  Argon 

Neutral  gas  pi essure  SmTorr 

Neutral  gas  temperature  420  K 

Microwave  power  850  W 


225  and  530  ms  '  inicrscct  the  200  mm  diameter  wafer 
centred  at  the  bottom  of  the  chamber  (z  =  21.5cm, 
-  lOcm  <  r  <  lOcm  represents  the  wafer  position).  The 
trajectory  on  the  far  left  has  insufficient  initial  velocity 
(145ms  ')  to  make  it  to  the  wafer.  The  one  on  the  far 
right  has  a  very  high  initial  velocity  (620ms  ')  and  it 
overshoots  the  wafer  and  hits  the  opposite  corner.  If  the 
particle  were  started  from  a  different  point  on  the  wall, 
the  range  of  initial  velocities  that  result  in  the  particle 
hilling  the  wafer  would  be  dilTercnl.  For  example,  figure 
8  also  illustrates  five  trajectories  that  originate  on  the 
lop  surface  of  the  reactor  (:  Otm,  r  =  8cm).  For  this 
starling  location,  particles  with  velocities  greater  than 
485ms  '  will  hit  the  wafer  The  trajectory  labelled  A 
has  an  initial  velocity  of  332  ms'  '.  I  his  trajectory  is 
discussed  in  detail  in  the  following  paragraphs. 

The  panicle  r  position  and  kinetic  energy  as  a 
function  of  lime  arc  shown  in  figure  9  for  the  0.1  jim 
diameter  particle  that  follows  trajectory  A.  Note  that 
this  trajectory  is  also  shown  in  figure  8,  and  that  it 
terminates  near  the  bottom  corner  of  the  chamber  at 
r  =  15  7cm,  r  =  21.5cm.  Initially  the  particle  loses  kin- 


Tabkr  3.  Typical  parameter  values  in  the  eleciron  cyclotron 
resonance  discharge. 


Plasma  density,  n.  5  »  10''m 

Plasma  potential .  1 5  V 

Eleciron  temperature,  k 7,  2  5eV 

Ion  temperature,  87,  0,1  eV 

Wall  ion  (lux.  / ,  70  A  m  ’ 

Ion  drift  velocity .  Vq  .  1  rn  s  ' 

Neutral  thermal  velrxity  400  m  s  ' 

Particle  diameter,  2a  0. 1  ;im 

Particle  charge.  Op  270e 

Particle  shielding  length,  /  6  jim 
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FIgur*  7.  Ion  fluji  vectors  from  the  plasma  simulation 
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Figure  8.  Particle  trajectories  lor  0.1  pm  diameter  particle, 
emitted  normal  to  the  wall  at  the  various  velocities  shown. 
For  the  particles  emitted  from  the  side  wall,  particles  with 
initial  velocities  of  at  least  235  m  s  '  and  less  than  530  ms' 
will  hit  the  200  mm  diameter  wafer,  assumed  to  be  positioned 
at  z  =  21.5cm  and  -  10cm  <  r  <  10cm.  Particles  emitted 
from  the  top  surface  location  will  hit  the  wafer  if  their  initial 
velocity  is  greater  than  485 ms  ' .  Properties  of  the 
trajectory  labelled  A  (initial  velocity  332  ms  ')  are  shown  in 
figures  9  and  1 0. 

etic  energy  as  it  moves  against  the  ion  wind  and  the 
neutral  gas.  After  about  5(X)ps,  the  particle  crosses  the 
point  where  the  z  component  of  the  ion  flux  changes 
sign  (sec  figure  7)  and  its  kinetic  energy  b  gins  to 
increase  as  it  accelerates  downward  towards  the  wafer. 
For  this  case,  the  particle  hits  the  sheath  edge  about 
1.2  ms  after  starting  from  its  initial  position,  and  the  r 
component  of  the  directed  kinetic  energy  at  the  sheath 
edge,  (KF)„  is  about  three  fifths  of  the  total  particle 
kinetic  energy  (KF.),^,.  Since(KF),  *  i|(K£)i„,  a  3(X)keV 
in  this  case,  the  panicle  easily  scales  the  sheath  potential 
(about  15  V)  and  hits  the  wafer  Note  that  a  sheath 
potential  exceeding  800  V  would  be  necessary  to  repel 
the  particle  since  the  particle  charge  is  270e. 

It  is  well  known  that  particles  are  often  trapped  in 
RK  capacilively  coupled  glow  discharges  [24  26],  Hence 


T  lyt 


Flguro  9.  Plots  of  padcie  anal  Iz)  position  (oroken  tins;  and 
NRsatc  energy  (lull  bne)  along  tr^ectory  A  (see  figure  8)  us  a 
function  of  lime  after  beirtg  emilled  from  the  wall  This 
particle  remained  in  the  discharge  lor  about  1  2  ms.  and  hit 
the  sheath  edge  with  about  SOOkeV  kinetic  energy  This  is 
more  than  enough  kinetic  energy  to  scale  the  sheath 
elscirostatic  potential 

Ihc  sirong  tendency  to  push  particles  through  high- 
dcnsily  plasma  discharge  sheaths  predicted  in  this  model 
may  seem  surprising.  1  he  relative  lack  of  trapiping  i,i 
high-density  phasmas  can  be  understood  qualitatively 
with  the  following  aigumcnt  The  ion  drag  force  lends 
to  drive  particles  to  the  sheath  in  both  rk  and  high- 
density  systems,  but  when  the  ion  flux  is  lower  and  the 
sheath  potential  is  higher  (the  Rf  case),  particles  tend  to 
be  trapped  at  the  plasma  sheath  boundary.  The  mo¬ 
mentum  transfer  cross  section  drops  olT  when  ion  ener¬ 
gies  increase,  so.  as  ions  are  accelerated  into  the  sheath, 
ne  ion  diag  force  decreases,  and  the  increase  in  the 
electric  field  in  the  sheath  can  cause  the  particle  to  be 
trapped  [14].  T  he  lower  neutral  drag  a  panicle  encoun¬ 
ters  in  a  high-density  plasma  is  also  a  factor  in  increas¬ 
ing  particle  momentum  at  the  sheath  edge.  The  lower 
neutral  drag  is  simply  a  consequence  of  the  lower 
neutral  pressure  in  high-density  discharges  compared 
with  that  in  ri-  systems.  We  emphasize  that  the  incriia 
of  the  particle  is  often  responsible  for  particles  traversing 
sheaths  since  the  ion  drag  force  lends  to  become  much 
smaller  in  Ihc  sheath.  There  has  been  some  experimental 
evidence  that  particles  arc  not  trapped  in  high-deni  ity 
plasmas  [26  28] 


5.  Particle  temperature 

As  the  particle  moves  through  the  plasma  it  is  heated  by 
ion  electron  recombination  on  ns  surface.  We  antici¬ 
pate  that  Ihc  high  l  (  R  plasma  density  will  result  in  a 
large  amount  of  particle  healing,  and  Ihc  low  neutral 
pressure  will  reduce  conductive  cooling  of  the  particle 
compared  with  that  in  rk  systems  To  test  this  hypoth¬ 
esis,  we  couple  a  particle  temperature  model  [23,  29]  to 
the  particle  transport  model  to  predict  how  the  particle 
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alotk  xf  thermal  et)erti>  amt  the  ctm'>MMt\  amt  ah-att 
ptivit>  arc  tunetian\  of  partick'  radium  amt  temperature 

I  ((uaiion  t!0|  »as  applied  to  particle  healintt  in 
a  m  piirallel-plalc  eleelriHic  plasma  system  (ii.  a  0  6 
■  in''m  /,  s  :  5cV.  /.  *  VV^K)  (:>»]  The  miKlel 
predicts  that  particles  in  an  argon  glow  under  these 
conditions  arc  slightly  above  the  gas  temperature,  fcx- 
perimcnls  that  measured  particle  temperature  directly 
conttrnied  these  predictions  [29]  Under  these  more 
conventional  plasma  condili.ins,  particle  healing  by 
cicelron  ion  recombination  is  relatively  mild,  and  con¬ 
ductive  cooling  to  the  neutral  gas  is  relatively  elTicienl. 

Figure  10  shows  the  temperature  along  the  same 
trajectory  of  the  0.1  jrm  diameter  particle  (u  =  0.05  jim) 
that  is  shown  in  figure  9  (trajectory  A).  The  iniliitl 
temperature  of  the  particle  was  taken  as  JOOK  (the  wall 
temperature),  and  the  neutral  gas  temperature  was  as¬ 
sumed  to  be  420  K  [30].  We  assume  that  the  particle  has 
the  density  and  opt'cal  properties  of  solid  aluminium. 
The  paiticlc  gets  quite  hot  (T^  ^  I300K)  even  though  it 
is  only  in  the  plasma  for  about  1 .2  ms.  We  point  out  that 
the  prediction  of  high  particle  temperature  is  not  restric¬ 
ted  to  aluminium  particles.  For  examnlc,  a  0.1  /im  quartz 
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Figure  10.  Plots  ot  particle  temperature  as  a  function  of 
time  after  being  emitted  from  the  wall.  The  dashed  line  is  lor 
a  0.1  /im  diameter  particle  (a  »  0.05  am)  travelling  on 
trajectory  A  (see  figure  9).  The  lull  line  is  lor  a  1  /im  diameter 
particle  (a  -  0.5  am)  on  a  trajectory  chosen  so  that  the 
residence  time  in  the  plasma  is  the  same  as  trajectory  A. 
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porDctc  on  4  vimilar  trairclory  aloi  reaches  an  exit 
temperature  in  excess  id  lOllltK  Also  shown  in  tigure  10 
IS  the  temperature  of  a  larger  partwle  1 1  um  diameter  or 
ij  O'/im)  this  particle  also  originated  at  r  -  Hem, 
tiem  (same  as  tra)ectors  At  but  its  initial  velocity 
VIS  iHOms  I  his  seliKits  was  chosen  so  that  the 
resideiKe  time  of  the  larger  parlicTc  would  he  similar  to 
the  residence  time  of  the  smaller  particle  on  trajectory 
A  Of  course,  the  larger  particle  follows  a  slightly  differ¬ 
ent  iraieclors.  but  it  samplers  roughly  the  same  plasma 
conditions  Note  'hat  the  larger  particle  reaches  a  tem- 
petature  of  only  4<X)  K  before  leaving  the  plasma  after 
I  2ms  I  he  larger  particle  remains  cold  mainly  because 
of  thermal  inertia  I  hat  is.  because  of  Us  greater  mass, 
the  larger  particie  has  a  larger  total  heat  capacity,  and 
therefore  it  gets  healed  more  slowly  If  this  particle  were 
somehow  trapped  in  the  plasma,  it  would  eventually 
reach  a  stead';  slate  icmperalurc  of  about  1000  K.  We 
conclude  that  small  particles  can  reach  high  tempera¬ 
tures.  but  larger  particles  (diameter  ^O.Sjim)  arc  swept 
from  the  discharge  before  they  can  get  hot  [2.T]. 


6.  Conclusions 

We  reviewed  a  model  of  the  particle  sheath  structure 
and  the  forces  on  isolated  particles  in  plasma  processing 
discharges.  These  expressions  can  be  coupled  to  a 
plasma  model  to  predict  the  particle  trajectory,  if  infor¬ 
mation  about  how  the  particle  enters  the  plasma  is 
available. 

The  key  result  presented  here  is  the  prediction  that 
particles  that  arc  emitted  from  the  walls  of  high-density 
plasma  sources  can  be  carried  to  the  wafer  surface,  or 
back  to  other  walls,  by  the  strong  ion  flux.  Particles 
larger  than  a  few  nanometres  in  diameter  can  easily 
attain  enough  momentum  to  scale  the  sheath  potential 
and  escape  the  plasma.  Although  the  instantaneous 
particle  density  in  a  high-density  plasma  tool  may  be 
low,  p-articlc  contamination  on  the  wafer  might  still  be 
unacceptably  high  depending  on  the  rate  at  which 
particles  are  cmiltcd  from  walls.  The  model  results 
suggest  that  high-density  tools  might  be  intrinsically 
quite  clean  if  walls  are  kept  sufficiently  clear  of  stressed 
film  deposits 

We  suggest  that  it  might  be  possible  to  test  the 
prcditti'ons  of  this  model  by  deliberately  depositing 
stiessed  (ilms  of  different  composition  at  diflerent  loca¬ 
tions  withm  the  chamber.  The  model  predicts  that 
particles  emitted  at  certain  locations  along  the  wall  are 
most  likely  to  reach  the  wafer  surface.  By  collecting 
deptisitcd  particles  and  measuring  their  composition,  the 
panicle  wall  emission  characteristics  could  be  explored. 
It  is  conceivable  that  tool  chamber  design  could  be 
altered  to  minimi/c  the  prohability  that  panicles  emitted 
from  walls  could  impact  the  wafer  surface. 

The  particle  energy  balance  predicts  thai  small  par¬ 
ticles  gel  heated  to  high  temperatures  in  high-densily 
plasmas.  .Small  particles  that  remain  in  the  discharge  for 
more  than  a  few  lens  of  milliseconds  arc  likely  lo 
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become  parti,'u!arly  hot  [T^  >  lOOOK).  Larger  pai tides 
(diameter  >0.5  /<m)  arc  swept  from  the  discharge  before 
they  reach  high  temperatures. 
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Abstract.  Spatially  resolved  oplir:al  ertussion  frorri  an  argon  discharge  is  used  to 
delect  regions  of  enhanced  emission  over  a  ijrooviHt  f»l»»clrode  designed  to  trap  and 
channel  particles.  A  groove  extends  the  entire  length  ol  the  electrode  and  is  aligned 
with  the  optical  detection  axis  Thus  we  measure  the  int*Mjratr?d  line  of  sight  emission 
inside,  above  and  rtext  to  the  groove  Enhancf*d  emission  is  s*?en  and  shown  to  be 
pressure-dependent  for  a  given  groove  design  At  tow  pressure  (  •  lOOmTorr)  a 
Single  ‘bnghf  spot  is  noted  above  thf»  centre  of  the  (jroove  This  spot  splits  mlo  two 
with  increasing  separation  as  the  pressure  increases  laser  light  scattering  deU‘clion 
of  suspended  particles  shows  correl.itefl  splitting  of  a  sintjle  trappmtj  refjion  at  low 
pressure  into  tW(J  traps  at  higtier  pressuro  A  two  difTionsion.il  radiofrectuency 
discharge  model  is  applir*<J  to  the  groov*  d  The  mortel  consists  of  solvinrj 

the  electron,  ion  and  (.ontmuily  equations,  fho  eio(;»fon  »*nc»f(|v  traUmo*  and  Poisson's 
equation  over  the  lwo-<fimens<onal  (Jofnam  Tho  (Jnft  diffusiofi  approximation  is  used 
for  elrx:tron  and  ion  fluxes  Model  results  of  the  toni/ati‘*n  rale  ar**  m  reasonable 
agreement  with  experimental  measurements  \  tie  resulting  potr'nfial  profiUrs  from  tfw» 
niorJel  solution  may  tie  uH*vj  to  analyse  padu  i*'  trap  !<n.ations 


1.  Introduction 

I’l.iMua  pr<'vc>Mn^:  cguipnu'nl  Imn  rv\colf\  hccn  '.hovMi 
to  Mi>i.‘.‘p|ihU'  li»  p.iflicul.iic  tontarnmaiioii 

(I  I'.jriKk'N  lofiiu’d  ef  inlr-ulusnl.  diirini!  pIjMii.t 
pniccsMn^!  .Kgiiirc  a  net  nc^.ilisc  ch.if>:c  m  iIk’  pla-aua 
(  I  )  iMicr.Kiion  hclvscci)  ihc  nc^.itisoK  sharp.-ii  particle 
ami  tfio  hounded  pl.iMtia  imaliuin  is  vers  complex  [4  | 

and  leads  lo  unc*x|Vc  teal  aiui  ill  rndcrstt>od  p.irticlc 
hc'h.is  lu'.ir  In  p.irlictil.ir.  ch.irgcd  and  su'p».  iulcd  par 
tick's  ».olk*cl  111  vxcll-dcdincd  locali/c’vl  rc^toiis  Ipartick* 
tr.ips)  i  .iscT  li^hl  scallcnn^  studies  indicalc  that  par 
lick*  traps  can  he  lorfiied  h>  various  topographical 
features  on  the  cledrotle  \  step  erealeil  b\  the  edge  «>l 
a  wafer  or  damp  ring,  lor  example,  mas  result  m  a  ring' 
trap  around  the  peripherv  iif  the  wafer  .ind  or  a  dome' 
trap  centred  oxer  the  wafer  Similar  elleets  have  also 
been  noted  for  material  diseonlinuilies  on  eleetnule 
surfaces  [2]  If  traps  occur  m  the  viemity  of  suhsiralcs 
(as  in  the  ease  of  ring  or  dome  traps  over  wafers),  it  is 
likely  that  some  particles  will  land  on  the  substrate  at 
the  end  of  the  process  when  the  plasma  is  turned  off. 
Since  subsireic  contamination  is  a  maior  cause  of  prod¬ 
uct  yield  loss,  it  is  important  to  understand  (he  nature 
of  particle  trapping  in  plasma  equipment 


N^hile  pailick  trapping  h.is  been  ohscuved  in  a 
v.irictv  of  tool  process  conditions  [I  ^),  the  mechanisms 
fvhmd  It  have  not  Invn  dearlv  understood  An  isolated 
particle  m  a  plasma  is  neg.ilixelv  charged  in  order  lo 
c\piali/e  the  ek’droii  and  ion  tluxes  meulent  on  the 
parheic  surlace.  amf  thus  creates  a  positive  space  charge 
.iround  the  particle  I  Ins  is  analogous  to  sheath  forma¬ 
tion  at  .1  wall  I  he  extent  of  the  space  eh.irge  cloud  has 
hc'cn  esiimatcHl  to  he  ol  the  orilcr  of  the  ion  Debye 
length  (ahout  ’ib/nn  (10)  In  addition  lo  the  cleelrie 
lieki  forces  (monopo.  •  and  dipole),  particles  are  also 
mnuvneed  by  the  slrea.ning  motion  of  the  plasma  (ion 
drag),  and  other  forces  including  gr.ivilv.  neulral  drag 
ami  ihcrmophorcsis  Different  eomhinalions  of  these 
have  been  useil  to  c»»nsiriiel  various  loree  balance 
models  to  explain  exjK'nmenlal  observalmns  of  particles 
collecting  at  the  plasma  sheath  edge  (4  9)  To  dale, 
however,  forces  on  particles  have  generally  been  ana¬ 
lysed  in  only  one  spatial  dimension 

Spatially  resolvcil  I  angmuir  probe  measurements 
over  electrode  feaUi.es  (steps  and  material  boundaries) 
indicate  that  these  cause  perturbations  in  the  plasma 
potential  that  correspond  in  location  to  the  trapping 
regions  (clcctroslalic  Iraps)  [.^].  However,  interpretation 
of  probe  measurements  is  made  difficult  by  the  necessary 
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closeness  of  the  measurement  to  the  sheath  edge,  by  the 
intrusive  nature  of  the  probe  and  by  the  uncertainty  of 
probe  behaviour  in  the  presence  of  particles.  Mere,  we 
show  that  non-imrusive.  spatially  resolved  optical 
emission  spectroscopy  (ow)  of  the  discharge  yields  valu¬ 
able  informalion  regarding  particle  naps. 

One  scheme  to  counleract  particle  trapping  that  has 
been  dcmcnsiraled  involves  iiirrodm  ni;/  particle  traps 
into  plasma  equipment,  which  serve  the  special  function 
of  directing  paiticlcs  away  from  other  (weaker)  traps, 
such  as  those  t  remeil  by  the  wafer.  I  bus  a  groove  cut  into 
the  elect  ode.  which  traps  panicles,  can  be  usevi  to  guide 
particles  away  from  ihc  wafer  region  towards  a  chamber 
pumping  port  [II]  In  tnis  paper,  we  present  ev|H'iimen- 
lal  measurements  of  spaliallv  lesolved  optical  emission 
over  a  grooved  elecirode  at  sO,  200  and  4lK)m  lorr  (low. 
intermediale  and  high  pressure,  respeclivelv )  Ihese 
measurements  arc  correlated  with  the  location  of  ob¬ 
served  particle  traps  in  the  groove  at  each  pressure 

In  addition  to  the  expenmenlal  results,  in  tlisch.irgc 
simulation  solutions  over  the  grooved  electrode  are 
presented  at  iiitermediatc  aiul  high  )''■essure  Since  we 
use  a  lUiid  model  of  the  disch.irge.  the  low  |iressure  e.isc 
IS  outside  (he  range  of  the  siir illation.  Sirtiiilalion  results 
are  'ii  rcMsc'inihle  agreement  with  optic. li  emission 
measurement.  Hesides  providing  evpl.in.iiion  lor  ihe 
optical  emission  behaviour,  the  simulation  results  may 
be  used  as  a  basis  to  siiulv  tlie  .leeuratv  ol  vaiioiis 
particle  force  models  (4  ')]  m  describing  the  observed 
trap  locations. 

Ihe  following  sections  descrihe  Ihe  ev(X'riinenl.il 
apparatus  .ind  the  Ki  discliargc  siinul.ition  I  he  ev|vri 
mental  and  simulation  results  are  presented  together 
with  the  disctission  Ihirticle  foice  moilels  .ire  disciisseil 
in  the  ci'iicliision 


2.  Expwimwital 

[Details  of  Ihc  experiments  have  been  described  else 
where  [12).  Figure  I  is  a  schematic  diagram  of  the 
apparatus.  Brielly,  the  plasma  chamber  is  a  modified 
(iaseous  FIc'clronics  Conference  reference  cell  [1.^].  The 
upper  electrode  (including  (he  earlhing  shield)  has  been 
removed.  Nominally  .fO  W  of  Rl  power  a(  I-V56  MHr  is 
capac'lively  coupled  to  the  lower  electrode.  Because  of 
Ihe  asymmelric  reactor  conliguration.  a  suiistantial  I), 
self-bias  develops  on  the  electrode,  measured  to  be 

,'I()V  at  .SOm  lorr  fhe  Ar  How  rtitc  is  .SOseem  in  all 
evperimenis 

A  lOem  -  Idem  Al  plate  is  placed  on  the  lower 
electrode  to  ’square'  the  discharge  in  the  vicinity  of  the 
electrode,  thus  minimi/ing  any  sampling  length  vari¬ 
ation  in  Ihe  Ill  s  measurements  [  1 2]  The  experiments  tire 
performed  over  a  22  mm  <  6  mm  groove  cut  into  the  Al 
plalc  Che  plate  and  the  groove  are  tilso  shown  with  the 
emission  plols)  I  he  groove  is  cenired  laterally  in  Ihe 
square  plate  and  runs  Ihe  entire  length  of  Ihe  pitile 
1 10  cm) 

Spaliallv  resolved  ni  s  ineasuremenis  are  made  using  a 
collinialed  view  of  the  discharge  ihroiigh  two  aligned 
.i|HTiiires.  which  define  .i  cylindrical  line-of-sighl  volume 
elemeni  over  which  ihe  ineasuremeni  is  avertiged  fhe 
collimtiled  lighi  is  focused  on  the  slit  of  a  mono- 
chronialor.  which  is  used  to  measure  Ihe  spalitil  vari¬ 
ation  III  Ihe  inicnsily  of  Ihe  420  I  nm  (4[.'  2]  (2)*  .‘s[‘' 
2j(.'))  neutral  Ar  line.  Other  neiilr.il  Ar  emission  lines 
(•JS)  (,  s«)2  0  and  604  .)nni)  show  the  stime  behaviour. 
Ihe  plasm.i  region  mapped  is  lypically  .Scm 
wide  •  'em  high  fhe  measured  sp.iiial  resolution  of 
this  apparaliis  IS  i  I  mm  hori/onltilly  and  *2  mm  ver¬ 
tically 
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Figure  1.  Schematic  diagram  of  the  experimental  apparatus. 
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Particles  are  introduced  in  controlled  sizes  by  means 
of  a  filtered  particle  generator  mounted  over  the  elec¬ 
trode.  Light  scattering  olT  the  particles  from  a  He  Nc 
laser  beam,  aligned  with  the  optical  axis  of  the  OK.s 
,,ystcm.  is  used  to  locate  the  position  of  particles  inde¬ 
pendently  with  respect  to  the  groove. 

3.  Radlafraqu«ncy  discharge  simulation 

Details  of  the  Rt  simulation,  including  the  transport 
parameters  used  to  approximate  Ar  discharges,  have 
been  described  elsewhere  [14],  Briefly,  the  fluid  model 
consisis  of  the  time-dependent  electron  and  ion  continu¬ 
ity  equations,  the  time-dependent  electron  energy  bal¬ 
ance  and  Poissons  equation.  The  drift-diffusion 
approximation  is  used  for  the  electron  and  ion  fluxes. 
The  equations  arc  solved  using  the  Cialcrkin  finile-el- 
emcnl  method  and  integrated  m  lime  to  a  harmonic 
steady  state. 

Here  we  describe  dilTereiiccs  between  the  current 
simulation  scheme  and  that  in  [  M]  Since  the  plasma 
chamber  is  Ibrce-dimensional  (a  round  chamber  wiih  a 
square  electrode)  it  is  .’lot  compulalionally  feasible  to 
simulate  the  entire  chamber  Instead,  we  focus  on  the 
immediate  vicinity  of  the  groove,  and  construct  a  simu¬ 
lation  domain  as  shown  in  figure  2.  Since  ihc  discharge 
IS  square'  near  the  electrode,  we  use  C  artesian  v 
coordinates  in  the  simulation  with  the  i  axis  placed 
parallel  to  the  groove  length.  The  centre  plane  of  the 
groove  IS  assumed  to  be  a  plane  of  symmetry  with 
/cro-gr  idicnl  boundary  conditions.  Ihc  distance  be¬ 
tween  the  other  vertical  boundiity  and  the  groove  side 


Planes  of  symmetry 


wall  is  slightly  greater  than  the  groove  height,  and 
zero-gradient  boundary  conditions  arc  enforced  there  as 
well  The  lower  boundary  is  the  grooved  Al  electrode, 
and  we  place  an  artificial  earthed  upper  electrode  4 era 
away  from  the  bottom  of  the  groove  (the  actual  counter 
electrode  in  the  experiment  comprises  the  chamber  wall 
and  Ihc  lop  flange  considerably  furihcr  than  4  cm  away). 
Only  the  lower  half  of  the  domain  is  displayed  in  Ihc 
results. 

The  current  boundary  condition  used  for  the  calh- 
o<Jc  in  [14)  IS  replaced  by  an  external  circuit  consisting 
of  a  resistor,  c.pacilor  and  voltage  source  (  L  sin(2rt/  7T 
where  T  is  Ihc  Rl  period)  in  senes,  as  shown  m  figure  2 
The  driving  voltage  amplitude  is  K  .SOV,  C  is  Ihc 
blocking  ca(vacilancc  (.f40pKm  ')  and  R  is  the  seric'. 
resistance  (OOOfiflm).  The  values  of  L.  C  and  R  arc 
arbitrary  (not  those  of  the  experimental  system,  see 
below)  I  hc  secondary  electron  emission  coefficient  is  set 
to  o.n.v 

Kor-vard  l  iilei  in  lime  is  used  to  solve  Ihc  ion 
continuily  equation  In  order  to  satisfy  the  < n  condi- 
iion,  the  ion  solver  uses  smaller  lime  steps  Ihau  the 
implicit  lime  integrator  for  Ihc  electron  equations  fhe 
number  of  ion  lime  steps  pvr  electron  time  step  ranges 
from  5  25  l.xplicii  solution  of  the  ion  equation  makes 
Ihc  acceleration  scheme  used  in  ( 14]  prohibitively  expen¬ 
sive:  therefore,  we  rely  only  on  ilireci  lime  integration. 

(liven  the  tlilTerence  between  the  simulation  domain 
and  the  experiinenlal  sysieni,  the  sini.ilafion  is  not 
expected  to  reproduce  the  actual  relationship  between 
the  driving  voltage,  the  gap  length,  and  the  plasma 
ilcnsily  (or  sheath  thickness)  Ralher.  the  gap  length  and 
voltage  are  chosen  such  that  the  sheath  thickness  al 
20()m  l  orr  approximates  the  experimental  value  for  rca- 
sonible  plasma  density  levels  Owing  to  the  slightly 
larger  area  of  the  cathode,  we  obtain  a  small  positive 
bias  on  Ihc  cathode 
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\ 

Groove  eidewaN 


n  c  V. 

V 

Figure  2.  Schematic  diagram  of  the  simulation  domain. 


4.  Results  and  discussion 

I  igurcs  .4  5  show  contour  maps  of  optical  emission 
intensity  at  Ar  pressures  of  50,  200  and  400mTorr 
rcs|icciively.  Note  Ihc  dilfercnl  ordinate  scale  in  figure  .4. 
I  igures  4  5  also  show  the  measured  locations  of  par¬ 
ticles  (typically  a  line  of  particles  along  Ihc  length  of  the 
groove)  trapped  by  this  electrode  structure.  Ihe 
groove-enhanced  emission  is  clearly  visible  in  (igurcs 
4  5.  At  SDmlorr  (figure  4)  there  is  a  single  bright  spot, 
centred  over  the  groove,  10  mm  from  Ihe  groove  bottom 
Particles  introduced  al  this  pressure  form  a  single  line 
above  (he  centre  of  the  groove  I  he  cmissior'  intensity  al 
2(X)mTorr  (figure  4)  shows  two  bright  spots  symmc'ri- 
cally  placed,  closer  to  the  groove  bottom  (concomitant 
with  a  reduction  in  the  sheath  thickness)  Particles, 
however,  still  form  a  single  ime  in  Ihc  cenire  of  the 
groove.  Al  4(X)m  rori  (figure  .5)  the  separation  between 
the  two  bright  spots  increases  as  (he  sheath  continues  to 
shrink,  and  here  Ihe  particles  form  two  distinctly  separ 
ated  lines  inside  the  groove  Separation  between  par- 
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Figure  3.  Contour  map  of  spatially  resolved  optical  emission 
intensity  M20. 1  nm  line)  over  a  22  mm  *  6  mm  groove, 
arbitrary  units.  Ar  pressure  50  mTorr. 
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Figure  6.  Contour  map  of  Iho  simulated  ionization  rate 
(m  ^3  ')  Ar  pressure  200 mTorr 
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Figure  4.  Contour  map  ol  spatially  resolv€?d  optical  emission 
intensity  (420, 1  nm  line)  over  a  22  mm  «  6  mm  groove, 
arbitrary  units,  Ar  pressure  200  mTorr 
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Figure  S.  Contour  map  of  spatially  resolved  optical  emission 
intensity  (420  l  nm  line)  over  a  2?  mm  ■  6  mm  groove, 
aibtrary  units  Ar  pressure  400  mTorr 


tides  IS  smaller  than  that  tscisveen  emission  brnihl  spots 
Next  SVC  show  the  ionization  rale  from  the  Simula 
non  at  2(K)mlorr  (f'lgute  6)  and  AOOmlorr  (figure  7) 
The  groove  is  assumed  symmclric  arouiul  the  ccniic  (sec 
figures  4  and  5)  The  low-pressure  case  (lOmlstrr)  is 
considered  outside  the  range  of  applicability  of  the  fluid 
model  The  ionization  rale  romlaies  well  with  the 
emission  rate  since  the  shapes  of  the  inelastic  collision 
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Figure  7.  Contour  map  of  the  simulaied  loni/ation  rale 
(m  's  ')-  Ar  pfescure  4(X)  mTorr 


Horirootol  position  (r/n) 

Figure  ft.  Vector  plot  of  current  flow  to  (f  -  /  2)  and  from 
7)  the  grooved  electrode  Ar  pressure  400 mTorr 
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Figure  9.  Electron  heating  rate  (/,  £»  asi  a  function  of 
position  Af  preosure  400  mTorr, 


cross  sections  :ire  similar  We  show  the  lom/ation  rale 
hecause  it  is  more  directly  related  to  the  plasma  den*ii> 
and  potential  profiles.  Once  the  simulation  conditions 
are  cht'seii  lo  match  the  sheath  height  m  figure  4.  ihe 
simulated  lom/alion  and  es  penmen  tally  measured 
emission  agree  well  (figure  6  with  (igiire  4.  hgure  7  with 
figure  5). 

I  he  groove-induced  '.‘nhaneernenl  of  a'ru/atK>n  rale 
IS  due  lo  a  focusing  of  the  ki  current  near  the  side  wall 
of  the  groove  Since  the  cnhanc'.'mcnt  is  stronger  at 
4(X)ni  ('orr.  the  simulation  at  that  pressure  is  used  ti> 
analyse  this  elTcct,  I  igures  K  and  9  are  drawn  from  the 
4(X)m'I'orr  case.  I  iguie  H  shows  the  current  How  to  and 
from  the  grooved  clcctfodc  at  two  difTerent  limes  m  the 
Rt  period,  i  r  2  and  i  -  /'  Ihe  phvscal  step  m  the 
electrode  causes  the  curreiU  to  bend  near  the  side  wall, 
and  ereates  a  region  of  ‘excess  current'.  This  current 
focusing  creates  extra  electron  healing  near  the  top  of 
the  side  wall,  shown  in  figure  9  f  he  higher  electron 
healing  rale  results  in  greater  loni/ation  and  exciiaiion 
■  ates  near  the  side  wall  [  14]. 

hkgurcs  10  and  1  1  show  the  simulated  potential 
proliles  obtained  at  2tX)  and  4(X)  m  f  orr  resptrc’ively 
Considering  the  arbitrary  choice  of  discharge  conditions 
used  in  ihe  simiilatiuu.  the  actual  '  oiiagc  values  do  not 
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Figure  10.  Contour  map  of  simulated  potential  (10  Ar 
pressure  2CX)  mTorr. 
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Figure  11.  Contour  map  of  simulated  potential  [V).  Ar 
pressure  400  mTorr. 

represent  those  m  the  experiment.  Nevertheless,  certain 
features  of  »he  potential  profiles  are  useful  lo  ru*le.  I  here 
IS  a  high-lield  reguvn  at  the  top  eilge  of  the  groove  side 
wall,  wlule  the  bottom  edge  of  the  groove  is  a  low-field 
region.  I  he  results  do  not  show  any  regions  that  may  be 
identitied  as  clcelroslalic  traps  h'r  particles  as  measiiretl 
m  [.^).  kail;er.  the  poienlial  increases  nii>notonically 
with  distance  away  fiom  the  cathode.  This  is  cimfirmctl 
by  ligurc  \2  a  plot  of  the  lateral  clccine  Held  (/.'d  versa, 
hon/onlal  pi^siiion  mm  above  the  bolloin  (4  the 
groove  The  gr.)ove  side  wall  is  located  at  1  I  cm  I  he 
electric  held  increases  moni'ionically,  with  no  sign 
change.  li»wanls  the  side  wall  This  suegesls  that  trap¬ 
ping  m  this  system  occurs  ihrrmgh  i  balance  t)f  dilTerenl 
fi*rces  |4  9]  rather  livan  through  a  single,  ilommant 
trapping  force.  Differences  between  the  simulation  do¬ 
main.  the  expermienlal  system  .md  the  system  used  m 
[  .Tj  may  explain  the  dilfcrent  results 

5.  Discussion  of  particle  trapping 

In  the  absence  of  an  isolated  eicclrosialic  trap  kn 
particles,  ’.hat  is.  a  local  maxumim  m  plasma  potential 
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Figure  12.  Plot  of  lh«*  lateral  el<x:tric  field  (£,;  versus 
hori>onta!  position  at  height  ^  3  mm  above  the  bottom  of 

the  groove  Ar  pressure  400  mTorr, 
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[3],  il  is  unclear  whether  there  is  a  direct  causal  relation¬ 
ship  between  the  enhanced  emission  (ionization)  rate 
and  particle  trapping.  Rather,  both  phenomena  may  be 
caused  by  sheath  perturbation  due  to  the  groove.  Never¬ 
theless,  optical  emission  is  a  sensitive  and  nun-intrusive 
indicator  of  sheath  non-uniformities,  which  are  believed 
to  trap  particles  in  this  system. 

The  trapping  mechanism  in  the  groove  is  believed  to 
be  two-dimensional  variation  of  the  force  balance 
discussed  in  the  literature  [4  9],  Before  proceeding  to 
analyse  the  applicability  of  various  published  models,  it  is 
necessary  to  have  a  more  reliable  prediction  of  the  ion 
flux,  since  ion  drag  is  believed  to  be  one  of  the  crucial 
forces  affecting  particle  location  [4],  With  the  drift- 
diffusion  model  u.cd  here,  the  ion  drag  is  always  anti¬ 
parallel  to  the  electric  field  force  on  the  particle  if  the  small 
ion  diffusion  term  is  neglected.  It  is  unclear  what  effect  ion 
inertia  may  have  on  the  ion  drag  force.  While  ion  inertial 
effects  are  important  in  the  sheath,  they  may  be  small  in 
the  prcshcath  where  the  particles  collect.  Inclusion  of  ion 
inertial  effects,  to  allow  the  ion  drag  force  to  deviate  from 
the  electric  field  direction,  is  currently  under  way. 

It  seems  clear  on  comparing  figures  10  and  II  that  the 
high-pressure  case  in  figure  1 1  shows  a  larger  region 
inside  the  groove  with  relatively  Hat  isopt'tential  con¬ 
tours.  I'he  2()0rnTorr  case  therefor-  shows  stronger 
lateral  fields  inside  the  groove  (which  might  cause  par¬ 
ticles  to  collect  in  the  centre  of  the  groove  as  observed) 
than  at  400  itiTorr,  This  is  consistent  with  (he  thinner 
sheath  thickness  at  4(K)m  I  orr,  t  he  Hatter  contours  imply 
that,  based  on  considerations  of  electric  field  and  gravity 
alone,  the  particles  have  a  smaller  tendency  to  collect  in 
the  centre  at  4(K)m  l  orr  than  at  .100  m  l  orr.  fherefore, 
any  force  pushing  the  particles  away  from  the  centre  (such 
as  the  dipole  force  f-VAf  [9])  would  encounter  less 
resistance  at  400  m  l  orr  than  at  2(X)  m  l  orr.  f’tediction  of 
the  off-centre  particle  (rap  at  4(Klm'forr  is  expected  to 
yield  valuable  insight  into  (rapping  forces. 

Summary 

Spatially  resolved  optical  emission  is  shown  to  be  a 
sensitive  indicator  of  particle  (raps  in  Ri  discharges. 


Sheath  non-uniformities,  which  may  be  responsible  for 
trapping  particles  in  grooved  electrodes,  may  be  detec¬ 
ted  by  non-uniformities  in  the  emission  profiles,  A  single 
region  of  enhanced  emission  at  low  pressure  centred 
over  the  groove  splits  into  two  symmetric,  off-centre 
bright  regions  at  high  pressure.  A  correlation  is  noted 
between  the  emission  behaviour  and  the  observed  split¬ 
ting  of  a  single  particle  trap,  centred  over  the  groove  at 
low  pressure,  into  two  traps  as  pressure  is  increased.  A 
two-dimensional  simulation  of  a  grooved  electrode  indi¬ 
cates  that  emission  enhancement  occurs  near  the  groove 
side  wall  because  of  Ri  current  focusing  effects,  which 
create  ext.a  electron  heating  near  the  side  wall.  Particle 
trapping  in  the  groove  is  believed  to  occur  through  a 
balance  of  axial  and  lateral  forces. 
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Abstract.  One  observes  in  radiofrequency-heated  vacuum  chambers  that  dust,  if 
present  or  being  produced  within  the  chamber,  may  float  in  layers  close  to  both  the 
upper  and  lower  electrodes.  Important  forces  on  the  dust  are  the  electric  force, 
gravity,  plasma  drag  and  the  thermophoretic  force,  which  is  caused  by  temperature 
gradients  in  the  background  neutral  gas  in  the  vacuum  chamber.  We  here  discuss 
the  thermophoretic  force  and  show  that  the  normally  adopted  formula  for  this  force, 
which  is  computed  on  the  assumption  of  an  infinite  plasma  in  all  directions  from  the 
dust,  must  be  modified  when  close  to  the  plasma  chamber  walls.  Taking  into  account 
the  closeness  of  the  plasma  walls,  we  find  ihal  the  thermophoretic  force  will  be 
reduced  out  to  many  neutral  gas  molecular  collision  lengths  from  the  wall,  compared 
with  the  results  from  the  standard  formula.  This  modification  of  the  thermophoretic 
force  should  be  of  importance  to'  the  force  equilibrium  and  stability  of  dust  m  the  dust 
layers  observed  in  so  many  dust  levitation  experiments. 


1.  Introduction 

There  has  recently  been  increased  interest  in  studyiin! 
the  suspension  of  dust  in  gases.  The  reali/alion  lhal  dust 
IS  formed  and  suspended  in  the  sheaths  near  plasma 
chamber  walls  and  that  it  can  cause  severe  contarnina’ 
lion  problems  in,  for  example,  plasma  etching  processes 
of  microelectronic  circuits  (Selwyn  er  iif  I9X9,  IWOa.b) 
IS  one  reason  for  this.  The  dust  is  suspended  m  layers 
near  the  chamber  electrodes,  with  a  topology  that  is 
dependent  on  the  electrode  siruclures,  and  it  may  fall 
down  onto  and  conlamini'fc  the  microchips.  The  dust 
particle',  arc  charged  in  the  i.ijiofrcquency-healcd  plas¬ 
mas  and  an  electric  force  acts  on  the  dust  in  the  electric 
sheaths  near  the  wall  (Barnes  er  ill  I992).  Ollier  m.ijor 
forces  that  act  on  the  suspended  dust  particles  are 
gravity,  ion  and  neutral  gas  drags  if  these  species  are 
drifting  and  a  thermophoretic  force  if  a  temperature 
gradient  is  present  (  Talbot  er  u/  I9S(I,  Jellum  e;  iil  I99I), 
Since  dust  particles  are  suspended  m  the  plasma  it 
follows  that  there  must  exist  region  in  which  there  is  a 
stable  equilibrium  between  the  differcnl  forces.  Nitler 
and  Mavnes  (1992)  show  lhal,  for  dust  suspcnilcd  in  the 
electric  sheaths  near  moon,  asteroidal  and  planetary 
satellite  surfaces,  one  will  normally  liiid  two  equilibrium 
points,  flowever,  only  one  of  these  will  be  stable  The 
calculations  of  Nitler  and  Mavnes  ( 1992)  did  not  include 
the  thermophoretic  force,  which  is  of  no  iniporlance  in 
the  rarefied  gases  in  space. 

Since  the  thermophoretic  force  may  be  <>nc  of  the 
dominant  forces  in  low-pressure  m  -healed  plasmas  (Jel¬ 


lum  cl  III  1991),  knowledge  of  its  form  near  the  walls 
where  the  panicles  are  suspended  will  be  of  crucial 
importance  not  only  lo  Tnid  positions  with  force  equilib¬ 
rium  but  also  to  determine  if  such  equilibrium  positions 
arc  stable  or  not. 

Wc  will  in  the  following  discuss  Ihe  foim  of  tiv; 
thermophoretic  force  and  demonstrate  lhal  it  must  he 
modified,  compared  with  us  conventn  nal  form  for  dust 
panicles  within  a  dist.ince  from  Ihe  plasma  walls  corre¬ 
sponding  to  several  collision  lengths  of  die  nculral  gas. 

2.  The  thermophoretic  force  distant  from  and 
close  to  piasma  walls 

Talbot  ct  ill  ( i9k(l)  have  given  a  review  of  earlier  works 
on  thermophoresis  I  hey  show  lhal  a  dust  particle  of 
radius  R  in  a  gas  or  liquid  with  a  lemperalure  gradient 
I'T  i'x  at  ;ho  position  of  the  dusi,  will  be  acted  upon  by 
a  so-called  thermophoreuc  foicc  along  ihe  direction  of 
V  equal  lo 

h ,  KR  'n/.l,  I  ,  (  I ) 

Mere  k  IS  the  lioll/mann  conslanl.  ihe  neulral  gas 
densiiy  is  n  while  Ihe  a.crage  collision  lengih  in  the 
nculral  gas  is  /  We  neglect  the  efieci  of  a  ilust  surface 
temperature  on  the  thermophoretic  force  since  this  is 
small  for  dust  teinixiralures  less  than  MX)  K  (  I  albol  ci  al 
19X0). 
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Talbot  ei  al  (1980)  (see  also  Waldmann  (1961)) 
compute  the  thermophoretic  force  by  using  a  velocity 
distribution  function  for  gas  molecules  colliding  with  the 
dust  of 


r  / ,  5\  1 

=  /,  =/o 

We  here  use  relative  velocities,  the  molecular  speed  is 
and 

(  =  vii\ 

(3) 

where  the  gas  thermal  velocity  of  particles  of  mass  m  and 
temperature  7;,  is  In  equation  (2)  i , 

and  i„  arc  the  components  of  <  along  the  temperature 
gradient  (\  direction)  and  along  the  outward  normal 
to  the  surface  of  the  gram  with  the  positive  direction  of 
(„  being  out  from  the  surface.  Ihe  parenieter 
D  —  -  6y.(('T/<'x);  ^  K  ill.  I  he  unperturbed  velocity  dis¬ 
tribution  function  IS  t.ikcii  to  be  Vlaxwellian: 


where  f,  is  the  thermophoretic  force  given  by  (1).  The 
reason  for  this  is  simply  that  the  force  due  to  collisions 
by  the  dust  with  gas  particles  from  the  wall  is  now  larger 
so  that  the  net  force  towards  the  wall  is  decreased.  This 
assumes  that  the  temperature  gradient  points  away  from 
the  wall  as  it  normally  does  in  rk  plasma  experiments 
(Jellum  el  al  1991)  since  energy  is  created  in  the  gas  and 
has  to  escape  through  the  walls. 

At  intermediate  distances  from  the  wall  (out  to 
several  collision  lengths  from  the  wall)  we  expect  the 
thermophoretic  force  gradually  to  approach  the  one 
given  by  (I).  Ihc  manner  in  which  the  thermophoretic 
force  changes  as  we  go  .sway  from  the  v  .11  is  dependent 
on  how  the  velocity  distribution  for  i ,  >  0  changes  from 
(5)  at  Ihc  wall  to  (2)  distant  from  the  wall.  We  will  make 
an  approximate  estimate  of  this  by  solving  Ihe  Boltz¬ 
mann  equation  for  neutral  particles  with  a  simple  model 
for  the  co'lision  term 

-/-  +  ^V, (7) 

1 1  III  r 

We  consider  a  one-dimensional  stall mary  case.  In  (7)  r 
IS  Ihe  neutral  neutral  collision  lime  and  we  have  as¬ 
sumed  that  /  iloes  not  ileviale  much  from  Ihe  equilib¬ 
rium  disiribulion  /„  In  general  we  could  have  used 


The  dislrib,.lion  lunelion  given  in  (2)  corresponds  to 
thill  w'hich  IS  formed  in  a  gas  with  .i  temix’rature 
gradient  and  where  there  is  an  'infinite'  aiiuninl  of  gas 
surrouni*'""  Ihe  dust  Inliiiile  in  this  context  mctins  that 
there  is  gas  present  (or  many  gas  molecule  momcnliim 
transfer  collision  lengths  on  both  sides  of  v  I  his  leads 
to,  compared  with  a  surplus  of  slow  (<  ’  •  5  2)  and  a 
deficit  of  fast  panicles  foi  that  pul  of  the  distribution 
function  that  moves  in  the  direction  of  V  /(i  .  -  0) 
(namely  from  lower  to  high'i  icmpcratures)  .iiid  the 
opposite  for  that  part  ihal  moves  against  V/(<,  s  ()) 
An  integration  of  Ihc  force  due  to  Ihc  impact  of  particles 
with  Ihe  velocity  distribution  given  by  equation  (2)  leads 
to  equation  (I)  ( l  albol  e(  al  I9S0)  However,  these 
calculations  do  not  lake  into  account  that  very  close  to 
Ihc  wall  Ihe  distribution  function  lor  partw'es  moving 
away  from  the  wall  must  be  inlluenced  by  the  manner  in 
which  particles  arc  rellectcd  from  the  wall  If  we  assume 
lhal  the  particles  arc  reflc*clcd  with  a  Maxwellian  veloc 
ily  disliibulion  al  wall  lenqieralure  /.  then  (2)  is  not 
corrcx'l  very  near  to  the  wall  Al  the  wall  itself  we  will 


/  /„(l  r  q.  )  ,/  )  (8) 

where  („!/,  is  the  deviation  from  /,,  for  particles  moving 
away  from  the  wall  and  („)/  the  deviation  from  („  for 
panicles  moving  ti  wards  the  wall  We  will  assume  that 
1/  IS  known  and  equal  to  the  ilevitiiion  for  i ,  <  li  given 
by  eipiation  (2)  However,  since  /„(/  is  small  relative  to 
/,  we  neglect  </  when  calculating  Ihc  variation  of  q, 
from  the  wall  ami  outwards  l\ing  i  ft  0  and  insert¬ 
ing  equation  |8)  in  equation  (''I  mu'  usii  g  equations 
1 2)  (4)  we  liml  for  the  onc-diriensional  case 


d(/ ,  1/ ,  r  s  c  ■  \  I  d  / 

d  V  1  ,  r  \  2  I  s’  /  /  d  v 


('>) 


where  we  have  used  Ihe  condition  of  pressure  equilib 
riiim  (d  dx)(ii7  )  -  1)  This  can  Ih-  integrated  to  give 


!/,(0)cxp 


/ 


I 


\  I  ill 
I  l  il\ 


have 


-  ri 

1  exp( 

') 

u'.) 

,  ,  ■  0 

(3) 

\ 

Tl  / 

(10) 


while  for  i  ,  -  0  (2)  itiighl  still  hold  since  the  deviation 
from  /t,  for  c  ,  -  0  is  mainly  formed  due  to  p.irtn:les 
streaming  towards  the  wall  11  we  now  follow  lalbol  er 
III  (IVkO)  and  calculate  the  inermophoretic  lone  al  the 
wall  by  Using  (S)  for  i ,  >  0  and  (2)  for  i ,  «  1)  we  lind 
lhal 


when  we  neglect  the  variation  of  /  relative  to  the 
exponential  term  II  the  particles  ,ire  lellccied  Irorn  the 
wall  with  thf  wall  tempei.iluie  then  t/,(0)  ()  and  wt‘ 

gel 


.  / 

X  \ 

1  vxp( 

„ ) 
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(6) 


II ,  ' 


il 


III) 
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We  now  calculate  the  correction  to  the  thermo¬ 
phoretic  force  by  using  (II)  for  instead  of  the  one 
used  by  Talbot  er  a/ (1980)  where  </*  =  Following 
the  method  of  Talbot  et  at  we  rind  that  the  coTecicd  F, 
becomes 


e\p(  -  <  ^)cxp 


(12) 


when  wc  use  r  -  Wc  sec  that  /(v  =  0)  =  1  but  that 
the  exponential  term  m  v  will,  at  large  distances  v  from 
the  wall,  make  the  integral  approach  zero  However,  if 
wc,  as  here,  use  a  collision  or  thernializatu'n  length  that 
increases  with  velocity  and  since  the  force  due  to  colli¬ 
sions  with  the  gas  molecules  is  mainly  determined  by  the 
ftist  molecules  at  <  >  ^  s,  the  decrease  of  the  integral  in 
(U)  with  IS  considerably  slower  than  if  wc,  fr'r 
example,  replaced  oxp(  -  v  /■  )  wnh  oxp(  -  v  z)  Inat  is, 
AC  pul  c  -•  I  or  used  (r)  --  ly.  Compulations  of  the 
cr  ihsion  cross  section  (/■'  I  llirschfeh'er  cr  at  1967.  figure 
8.4-41  as  a  function  of.  show  that  our  use  of  a  csmsiaru 
collision  time  r,  namely  a  collisum  length  /.(i )  -  tr,  is  a 
good  appioximatioii  ;ii  onr  low  temperatures.  Figure  I 
shows  a  comparison  between  the  integ';'!  in  (12)  and 
0.5 ex p(  T  his  indital'  s  that  the  wall  elTecI  will  be 

fell  out  to  many  average  collision  lengths  from  the  wall 
and  that  the  conven'ionai  expression  lor  the  ihcr- 
mophorclic  force  is  not  correct  in  this  region. 


♦ 


1,C  - 


i  - romputed  with  expl-  ^,-1  \ 

— conpufed  with  exp|-4  |  ( 
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Figurd  1.  The  (actor  t'y  which  the  thern-o.morelic  force  is 
reduced  due  to  the  wall  eiTecI,  as  a  func'io.n  o(  the  ratio  of 
distance  x  from  the  wall  and  average  collision  length  /.  The 
lull  line  is  lor  a  veltxiity  deoendent  and  the  broken  line  lor  a 
constant,  velocity-in  lependeni  collision  length. 


3.  Discussion 

The  action  of  the  thermophoretic  force  in  rf  dusty  plasma 
experiments  is  apparently  one  reason  that  a  layer  of  dust 
can  be  found  near  the  upper  electrode  (Selwyn  et  at  1989, 
.Icllum  et  at  1991).  Both  gravity  and  the  electric  force  on 
the  dust  point  away  from  this  electrode  while  ion  drag 
and  the  thermophoretic  force  will  normally  point  towards 
it  (Jcllum  et  at  1991).  A  stable  equilibrium  point  for  the 
dust  requires  that  the  forces  pointing  away  from  the  wall 
dominate  inside  the  equilibrium  point  and  that,  in  this 
case,  the  thermophoretic  force,  which  points  towards  the 
wail,  dominates  outside  the  equilibrium  distance.  If  we 
assume  a  parabolic  temperature  profile  neat  a  wall  then 
the  uncorrcelcd  Ihcrmophorclic  force  will  increase  lin¬ 
early  towards  the  wall  as  shown  schematically  in  figure  2. 
This  shape  of  f ,  may  not  allow  stable  equilibria  of  dust 
close  to  the  wall.  .Such  may  much  more  easily  be  found  if 
the  ihermuphorelic  force  is  corrected  for  the  wall  effect 
since  it  leads  to  a  reduction  of  F,  close  to  the  wall.  Wc 
also  show  the  corrected  Ihcrmophorclic  force  F,  ,  in 
figure  2.  I  he  correction  due  lo  the  wall  is  fell  out  to  about 
live  or  s>x  collision  lengths  /.  from  the  wall. 

If  we  consider  Ihe  experiments  by  .Selwyn  el  at  (19X9) 
iind  ,'ellun)  et  at  (1991),  which  both  had  Ar  as  a 
backg.'oinui  gas.  we  liiul  frann  llirsehfclder  el  at  (1967) 


x/A 


Flgura  2.  The  relative  curves  lor  Ihe  unmodified  , broken 
line)  and  modified  (full  line)  thermophoretic  force  near  Ihe 
wall,  lor  a  temperature  profile  of  second  order  in  distance 
from  the  wall 
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that,  at  the  gas  densities  and  tcniperatures  in  those 
experiments,  the  collision  lengths  should  be  /.  ^  0.7  and 
0. 1  mm  respectively.  This  indicates  that  the  ihcnmophorelic 
force  is  alTected  out  to  about  4  mm  in  the  experiment  by 
Sciwyn  et  al  (1989)  and  out  to  about  0.6mm  in  that  by 
Jcllum  et  al  { 1991 ).  These  distances  arc  very  similar  to  the 
distances  from  the  upper  electrode  at  which  the  maximum 
laser  scattered  signal  is  found  for  the  respective  experiments. 
This  indicates  that  the  correction  to  the  ihermophorelic 
force  is  of  importance  in  understanding  the  force  balance  on 
dust  near  the  upper  electrode.  At  the  lower  electrode  the 
equilibrium  distances  are  much  further  from  the  wall,  where 
the  corrections  to  arc  probably  negligible. 
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